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FOREWORD 
The  r e s e a r c h  de sc r i bed  h e r e i n  w a s  conducted by B a t t e l l e ' s  Columbus L a b o r a t o r i e s ,  
Ma te r i a l s  Design and  Fab r i ca t i on  Division,  f r o m  June 28, 1967, to  Sep t embe r  1 5 .  1970,  
a n d  p e r f o r m e d  unde r  NASA Cont rac t  NAS3- 10306. The work  w a s  conducted under the 
management  of NASA P r o j e c t  Manager ,  John M. Kazarof f ,  Chemica l  Rockets I3iv1sioa, 
NASA-Lewis R e s e a r c h  Cen t e r .  
The  au tho r s  acknowledge contributions of s e v e r a l  individuals to the  r e s e a r c h  w o r k  
de sc r i bed  in the r epo r t .  The  p l a s m a - s p r a y  expe r imen t s  and oxide-coat ing preparatloln 
was  pe r fo rmed  by M r .  R .  L .  Hees tand .  The  fusion-welding s tud ies  in the pz-eparati,on 
of the Al lvac 718 she l l  s t r u c t u r e  fo r  the cy l indr ica l  spoolpiece w e r e  couductetl by 
M r .  D. L.  Cheever .  During the l a t t e r  por t ion of the p r o g r a m ,  M r .  R .  L .  Martin c o n -  
t r ibu ted  substant ia l ly  to the explosive welding s tud ies ,  pa r t i cu l a r l y  the  p repara t ron  and 
complet ion of the s t a i n l e s s  s t e e l lHas t e l l oy  X spoolpiece.  
The  da ta  generated dur ing the  p r o g r a m  a r e  recorded  in  Book Nos.  25103,  25170 ,  
25537, 25951, 26640, and 27454. 
ABSTRACT 
Explosive welding was investigated a s  a new technique fo r  fabricating regenera- 
tively cooled rocket-motor  thrus t  chamber s .  The p roces s  developed consisted of 1-he 
explosive welding of the r ib s  to the outer  she l l  and the inner l iner  to the r ibs  to  f o r m  the 
des i red  coolant channels in flat-panel spec imens ,  cyl indrical  spoolpieces,  a n d  corzpl.ex- 
shaped thrus t -chamber  segments .  Techniques for  evaluating the explosive-welded 
channel s t ruc tu re s  included metal lography,  ul t rasonic inspection, hydrostat ic  proof fesr-  
ing and burst  tes t ing.  
PROGRAM SUMMARY 
During the Task  I s tudies ,  explosive-welding techniques were  developed for f a b r l -  
cating a flat-panel section whose c ross-sec t ion  configuration was typical of a r egene ra -  
t ively cooled rocket-engine thrus t  chamber .  Two welding operat ions were  used .rn l a b r r -  
cating the panel section. The r ib  and shel l  components were  welded in one operatron, 
while the l iner  and r ib  components were  welded in a second operat ion.  
The  explosive -welding p a r a m e t e r s  fo r  the m a t e r i a l  combinations of inf erest .  were  
established in pre l iminary  experiments  during which weld proper t ies  and welding eEfects 
on m a t e r i a l  p roper t ies  were  a l so  de te rmined .  Fabricat ion procedures  were  developed 
for  t h ree - r ib  panels and then used to fabricate  s ix-  and nine-r ib  panel spec imens ,  Both 
nondestructive and destruct ive t e s t s  were  employed to ver i fy  the integrity of therr  r ~ b -  
to-shel l  and l iner - to- r ib  welds a t  var ious s tages of fabrication. 
Pane l  specimens consisting of Type 304 s ta in less  s tee l  r i b s  and shel ls  with 
Hastelloy X l i ne r s ,  and specimens consisting of Allvac 718 r ib s  and shel ls  with e i ther  
Hastelloy X o r  Allvae 718 l i ne r s  were  successful ly  fabricated.  Severa l  of these panel 
specimens were  tested a t  p r e s s u r e s  of s eve ra l  t imes  the 500-psi proof- test  level  without 
fai lure .  
The  objective of T a s k  I1 was to apply the explosive-welding technology developed i n  
Task  I to the fabrication of channeled cyl indrical  spoolpieces . The t a sk  was conducted 
in two phases .  During the f i r s t  phase, the procedures  and p a r a m e t e r s  required f i ~ r  the 
t h r ee  explosive welding operations needed to fabricate  the complete spoolpieces were  
developed, and during the second, the techniques developed were  applied to the labr ica-  
t ion of two spoolpieces.  
One of the two spoolpieces required was fabricated and shipped to NASA-Lewis for 
t e s t  firing. This  chamber  consisted of a Type 304 s ta in less  s t ee l  shel l ,  plenum, and 
r ib s ,  and Hastelloy X l i ne r  and end cove r s .  Two important  fac tors  contributed t o  the 
successful  fabrication of this chamber .  One was the initial  use of a thick-wall cylinder 
for  the  she l l  and plenum sect ions,  which avoided seve ra l  p roblems associated weth fabrr- 
cating these  components separa te ly  and joining them. The other  factor  was the use sf a.ii 
integral ,  ra ther  than a split ,  die to support the she l l  during the rib-welding operatron. 
The second prototype thrus t  chamber ,  consisting of Allvac 718 shel l ,  plenur~l ,  and 
r i b s ,  and Hastelloy X l i ne r  and covers ,  was not completed because of problen3s encoun- 
t e r ed  in fabricating the she l l  and plenum components and in welding the r ibs  to the shel l  
The she l l  and plenum components of this  chamber  were  fabricated separa te ly  a n d  jonned 
by fusion welding. Severa l  problems were  encountered in these fusion-welding opera - 
t ions.  After two at tempts  to weld the components and seve ra l  explosive sizlng steps, 
the shell-plenum pa r t  of the chamber was successful ly  made  to the required s i ze .  A 
split  die was used to support this chamber  during the r ib- to-shel l  welding o p e r a t ~ o n  but 
did not provide the required r e s t r a in t  during welding and the she l l  was damaged 
severe ly .  This  welding operation developed c racks  in and around the longitudrnal and 
gir th  welds and badly dis tor ted the she l l .  This  damage precluded the successful  Fabrr- 
cation of the second spoolpiece. In i t s  place, a cyl indrical  Allvac 718/HastelBoy :X: 
segment ,  fabricated e a r l i e r  in T a s k  11, was leak  checked and p r e s s u r e  tested and f o r -  
warded to NASA-Lewis for  evaluation. 
The ebjective of Task  111 was to demonstrate  the feasibili ty of using explosive 
.bsie?drug to fabr ica te  rib-channelled rocket-nozzle  segments .  In this task ,  the technical 
probierns associated with welding to a  complex curva ture  were  examined both abs t rac t ly  
jw~thout re ie rence  to a  par t icu lar  component) and pract ical ly  (in at tempts  to fabricate  
sample rrbbed segmen t s ) .  This  t a sk  d rew extensively on the resu l t s  of Tasks  1 and I1 
f o r  weldeng p a r a m e t e r s ,  tooling configurations,  and other  pertinent p roces s  detar ls .  
Thas task was conducted in three  phases .  In the f i r s t ,  components required for the 
t v e l d r ~ l g  experiments  were  fabricated.  This  was a  m a j o r  effor t ,  and in 11, techniques 
were tieveloped for explosively formlng s ta in less  s tee l  nozzles f rom commerc ia l ly  avail- 
able thlck-wall pipe. Explosive forming methods were  a l so  developed to fo rm 70-degree 
segrficnts of the required nozzle configuration f rom Alloy 718 and Hastelloy X sheet  
5+octc. 
Durlng the second phase the explosive-welding behavior of simulated and actual  
; i o ~ z ? e  corrlgonents was examined.  In the s imulated-  component exper iments ,  var ious  
problems associated with welding of the nozzle segments  were  examined.  Seve ra l  of 
these experiments  were  conducted to study the problem of welding discontinuous r ibs  to 
a so l rd  base component. It was found that these welds could be achieved both when 
"stopping" and when "star t ing" the weld through control  of the shape of adjacent mi ld-  
steel 'ooling. 
In the third phase,  the technical problems associated with welding to a  longitudi- 
nally curved sur face  were  examined. This  work, which r ep re sen t s  the f i r s t  documented 
s t u d y  of changed -direction welding, revealed that the considerable  a r e a s  of poor welding 
w?iich resu l t  when curved plates  a r e  welded using a  uniform interface gap could be e l im-  
1r1aiecl through control  of the p roces s  p a r a m e t e r s .  Two methods were  developed which 
L>.,roriuced completely welded curved p la tes .  The f i r s t  of these  required that nonuniform 
.;naclng be used between the components,  with the gap s i ze  adjusted a s  a  function of the 
riate curva ture .  The second method involved confining the explosive charge  in the a r e a  
i? i^  maxumunx curva ture .  
Severa l  r ib- to-shel l  welding exper iments  were  attempted in the nozzle configura- 
i ron  The nonuniform spacing method was used in these exper iments  and resul ted in 
c z ? y  nlarglnal  succes s .  The poor resu l t s  attained were  d i rec t ly  t raceable  to secondary 
eifec~s, such a s  the poorly confined rib-tooling a r r angemen t  used.  
This program has  solved the m a j o r  technical problem associated with explosive 
w e l a ~ n g  of complex-curved nozzles - that of welding to a  longitudinally curved su r f ace .  
owr>er, prac t ica l  p roblems,  such a s  rib-tooling lay-up, and secondary effects in the 
qvsiern prevented the successful  fabrication of channeled nozzle segments .  
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FINAL REPORT 
DEVELOPMENT O F  EXPLOSIVE-WELDING TECHNIQUES 
FOR FABRICATION O F  REGENERATIVELY COOLED 
THRUST CHAMBERS FOR LARGE-ROCKET- 
ENGINE REQUIREMENTS 
E .  G. Smith, J r . ,  D. Labe r ,  V.  D. Linse ,  
and M.  J .  Ryan 
INTRODUCTION 
P r e s e n t  r egeneratively cooled rocket- thrust-chamber designs a r e  based mainly 
upon the assembly  of a bundle of completely contoured tubes brazed  together and jolned 
at each  end to a common manifold to provide for  the circulat ion of the engine's fuel. 
through the tubes a s  a coolant. The  present  fabrication technique, while i n  itself being 
very  costly and difficult to per form,  imposes many r e s t r i c t i ons  on the fabrication of 
t hese  thrus t  chambers ,  such a s  m a t e r i a l s  select ion and combinations, a l terat ion of en-- 
gine design, and s i ze  of engines that can be fabricated.  It  i s  therefore  important that 
new techniques be identified and developed that will allow g rea t e r  f reedom in the design 
and fabrication of high-integrity t h rus t  chambers  a t  a reasonable cos t .  
Th ree  cha rac t e r i s t i c s  of the explosive-welding p roces s  make  i t  attractiv.e as a 
possible technique for fabricating the thrus t  chamber s .  The  mechanism by which ex- 
plosive welds a r e  achieved m a k e s  this  p roces s  suitable fo r  welding d i s s imi l a r  n?aterials 
in  thin sections which a r e  not weldable by m o r e  conventional techniques that  r e su l t  in 
melt ing o r  alloying of the m a t e r i a l s .  This should offer the potential of fabricating thrust 
chambers  with s t ronger  and m o r e  rel iable  welds and pe rmi t  the design of m o r e  eif ic ier~t  
engines.  A second favorable charac te r i s t ic  i s  the sma l l  outlay of support equipment 
requi red  for  this  fabricat ion p roces s .  It  i s  possible that this  would contribute to  lower 
fabricat ion cos ts  and render  the p roces s  m o r e  amenable to future design changes. 
Last ly ,  the explosive-welding p roces s  i s  not so l imited by the s i ze  of components to be 
fabricated,  and l a r g e r  s i ze  rocket  engines should p re sen t  no par t icu lar  problem ~n this 
r ega rd .  While these  cha rac t e r i s t i c s  of explosive welding m a k e  i t  a potentially suitalnlp 
fa.brication technique, i t s  applicability to the complex thrus t -chamber  configurations 
m u s t  be demonstrated.  
Explosive welding i s  a p roces s  which has  been used a s  a method for  joining both 
s imi l a r  and d iss imi la r  me ta l  components over  l a rge  a r e a s .  In this  p roces s ,  one 04: the 
components to be welded ( the cladder o r  f lyer)  i s  acce lera ted  to a high velocity b y  a 
detonating high explosive. This  high-velocity flyer plate then impacts  o r  collides with a 
second s tat ionary component ( the base  plate) .  The  collision i s  charac te r ized  bjr the 
velocity of the flyer plate,  the angle of the collision, and the velocity at  w h ~ c h  the coi l l -  
s ion proceeds along the interface.  These  acce lera t ion  and collision phenomena a r e  
i l lus t ra ted  in  F igure  1, which shows a f lash  X-ray shadowgraph of f la t  plates being ex- 
plosively welded. When the above collision conditions a r e  properly controlled, tk-e 
FIGURE 1. FLASH X-RAY SHADOWGRAPH SHOWING THE WELDING 0 F FLAT PLATES 
The buffer and flyer plate a r e  accelera ted  and bent through an angle by the 
detonating explosive charge. After traveling some distance, the f lyer  plate 
collides with the base  plate a t  some velocity and included angle. 
sur face  l aye r s  of each  component become fluid in  the region of the collision point This 
high-velocity s t r e a m  of ma te r i a l ,  known a s  a jet, i s  a mix tu re  o r  alloy of the surface 
l aye r s  of the two me ta l s ,  the i r  oxide coatings, adsorbed  gases ,  and any other contarnr- 
nants present .  Because of geometr ic  and hydrodynamic considerat ions,  the nlajolr~ty 
of the jet i s  expelled f r o m  the collision zone, leaving behind "clean" me ta l  sur faces  in 
int imate contact which metal lurgical ly  bond o r  weld. 
This  development p rog ram i s  therefore  designed to demonstrate  the fea.sibility o f  
fabricating regenerat ively cooled th rus t  chambers  for  l a r g e  rocket  engines by the 
explosive-welding p roces s .  I t  was  divided into th ree  tasks  leading to an  order ly  devel- 
opment of the p roces s .  Task  I was concerned with establishing the feasibili ty of ancl 
techniques for  fabricating flat-panel sections of relatively s imple  design, as shown in 
F igure  2a, f r o m  seve ra l  combinations of ma te r i a l s .  Tasks  I1 and I11 were  cor3cerned 
with developing techniques for fabricating spoolpieces,  F igu re  2b, and chamber seg-  
men t s ,  F igu re  2c, respect ively,  of m o r e  complex but rea l i s t ic  configurations.  
A comprehensive descr ipt ion of the p rog ram i s  presented  in  the sections wli.ii:h 
follow. 
PROGRAM OBJECTIVE 
The  overa l l  objective of the p rog ram was  to develop and evaluate the explosive- 
welding p roces s  fo r  fabricat ion of regenerat ively cooled thrus t  chambers  for large- 
rocket-engine requi rements .  
PROGRAM APPROACH 
T o  achieve the overa l l  objective, the p rog ram was divided into th ree  tasks leading 
to a n  o rde r ly  development of the explosive-welding p r o c e s s .  These  tasks  required the 
fabricat ion of: 
Task  I .  F la t -Panel  Specimens 
Task  11. Cylindrical  Spoolpieces 
Task 111. Chamber o r  Nozzle Segments .  
Two approaches to fabricating the channel s t ruc tu re s  w e r e  planned in  the 
program:  
( 1) Liner-W elding Approach. In this  approach the r ib-shel l  s t ruc tu re  
with the  channels would be machined a s  a n  integral  unit f r o m  
plate stock. The channels would then be fil led with the des i r ed  
support  tooling and the l i ne r  explosively welded to the r i b s .  
Th i s  approach would therefore  involve a single explosive-welding 
operation. It was planned that this  approach would be used  to 
fabr ica te  s t ruc tu re s  in  a l l  t h r e e  t a sks .  
L ~ h e l l  
c.  Nozzle Segment - Task JII  
F I G U R E  2 .  T Y P E S  O F  S T R U C T U R E S  F A B R I C A T E D  IN P R O G R A M  
( 2 )  Rib- and Liner-W elding Approach. This approach would involve 
two explosive-welding s teps  o r  operat ions to fabr ica te  the 
s t ruc tu re s .  The f i r  s t  s tep  would involve explosively welding 
the r ibs  (with appropriate  tooling) to the shel l  component, and 
the second s tep  would involve explosively welding the l iner  to 
the r i b s ,  the s a m e  a s  in  the f i r s t  approach. It  was  planned 
that this  approach would be used to fabricate  flat-panel specimens 
and one cylindrical spoolpiece in  Tasks  I and 11, respect ively,  but 
not for  fabricating the nozzle segments  i n  Task  111. 
During the cou r se  of Task  I ,  a modified vers ion  of the r ib-  and liner-weldicg approach 
emerged  to be a super ior  approach.  This approach was  then used to fabricate  a l l  of 
the full-size panels i n  Task  I. P r i o r  to the initiation of Tasks  I1 and 111, this  approach 
was a l so  selected for fabricating both cylindrical spoolpieces i n  Task  IT. and the th rus t -  
chamber segments  i n  Task  111 in  place of the previously planned approaches .  It was  
anticipated that this  would not cause  any difficulites in the fabricat ion of the cylindrical 
spoolpieces.  I t  did, however,  have advantages and disadvantages in  comparison with 
the  previously planned approach  of just  explosively welding the l iner  to an  x~ltegrrak rib- 
shell  unit in  the thrus t -chamber  segment .  The newly selected approach would elirninate 
the costly operat ion of machining the var iab le ,  complex cooling channels o r  pas  sages  
into the she l l  s t ruc tu re .  The m a j o r  potential problem fo re seen  in  using the rib- and 
l iner-welding approach was that of explosively welding the r ib s  to the shel l  conrrpcznect 
over  the complex curved sur face  of the thrus t -chamber  segment .  It  was anticipatecl 
that  the thin l iner  could be welded to the r ib s  over  the curva ture  without too rnucli d i f f r -  
culty; however,  with the r ibs  (and mating support tooling) which was considerably thicker  
than the l i ne r ,  i t  would be difficult to maintain the requi red  constant collision conditions 
over  the complex curved sur face  when welding the r i b s  to the shel l .  The e ~ o n c r n i c a l  
advantages of using this  approach in fabricating regenerat ively cooled thrus t  char12bers 
by the explosive-welding p roces s ,  however,  war ran ted  the investigation of the program 
The  Task  I s tudies  initially involved pre l iminary  flat-plate experiments  designed 
to es tab l i sh  the explosive-welding pa rame te r s  for  achieving high integri ty  welds between 
the s i x  m a t e r i a l  combinations of i n t e r e s t  and to cha rac t e r i ze  the resul t ing welds .  The 
u s e  of oxide coatings was  a l so  evaluated in  t hese  s tudies .  Using these  parametexrs, ex- 
per iments  were  then conducted to develop the techniques and tooling concepts for the 
explosive welding of panel s t ruc tu re s .  F i r s t ,  techniques w e r e  developed for accamplish- 
ing the r ib- to-shel l  and l iner - to- r ib  welding operat ions.  This  technology was then ap- 
plied to the fabricat ion of ful l -s ize panel specimens which w e r e  ul t rasonical ly  tested. and 
hydrostatically p re s su r i zed  for  evaluating the integrity of the i r  r ib- to-shel l  and l i ne r -  
to - r ib  welds.  
In the  Task  I1 studies ,  the optimum resu l t s  achieved in  Task  I w e r e  a p p l ~ e d  in the 
fabricat ion of two cylindrical spoolpieces.  The initial  s tudies  in  Task  I1 involved modi -  
fying and applying the resu l t s  of Task  I to the th ree  m a j o r  explosive-welding operat ions 
that would be requi red  to fabr ica te  the cylindrical spoolpieces - rib-to- shel l ,  end cover -  
to-plenum, and l iner - to- r ib  and end-cover welds.  The end cover-to-plenum weEds w e r e  
made  neces sa ry  by a change in  design of the spoolpiece a t  the initiation of Task  I1 which 
would reduce the difficulty of machining the manifold s t ruc tu re  i n  the pleilum sect~ons 
The technology developed in  the pre l iminary  s tudies  was then applied in  the f a b r l ~ a t r o n  
of two prototype spoolpieces.  Following their  fabrication, the completed spooEpieces 
w e r e  to be leak  checked and hydrostat ical ly  tes ted p r io r  to shipment to NASA-Lewis 
R e s e a r c h  Center  for  actual hot testing. 
The  s tud ies  in  T a s k  111 w e r e  divided into t h r e e  p h a s e s .  The  ini t ia l  s t ud i e s ,  which 
w e r e  a m a j o r  por t ion of the  work ,  w e r e  d i r ec t ed  toward  the fabr ica t ion  of the complex  
c omportenis f o r  the  t h ru s t - chambe r  welding s tud ies  i n  the phase s  sec t ion  of t he  t a s k .  
"lie second phase  was  d i r ec t ed  toward  adjusting and  modifying the previously  developed 
q a - - a l ~ e t e r s  and techniques  fo r  explosively welding ove r  the complex  curved  s u r f a c e s  of 
7'-e "iarust-chamber s egmen t s .  The  f inal  phase  then involved explosively  welding ac tua l  
f h r ~ i s t - c h a m b e r  s egmen t s  and evaluating t hem.  
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TASK I .  FABRICATION O F  FLAT PANELS 
OBJECTIVE, APPROACH, AND COMPONENT DESCRIPTION 
The objective of Task  I was to demonst ra te  the feasibili ty of fabricating chaliilelleci 
flat-plate components f r o m  s e v e r a l  combinations of h igh- tempera ture  al loys using 
explosive-welding methods.  A secondary objective was to de te rmine  the ma ie r l a l s  
and /o r  m a t e r i a l s  combinations which would be mos t  compatible with the welcllng s eyuepce 
and secondary operat ions such a s  tooling removal .  
This  t a sk  was  per formed in t h ree  phases.  In the f i r s t  of these ,  the expioslve 
welding p a r a m e t e r s  requi red  to produce welds between the s i x  m a t e r i a l s  ~ o m ~ b i n a l ~ o n s  f 
in te res t  w e r e  developed and the proper t ies  of the welds so produced w e r e  determined 
The welding pa rame te r s  w e r e  developed using flat  plates of the m a t e r i a l s  and thich- 
nes ses  to be used  in  l a t e r  t a sks .  In the second phase techniques w e r e  developed l o r  
fabricating one-or t h r e e - r i b  panels ,  and in  the th i rd  phase,  the bes t  of these  techi~iclues 
w e r e  used to fabr ica te  s eve ra l  prototype six- and nine-r ib  panels for  evaluation 
The  configuration of the  requi red  t e s t  panel i s  shown in  F igu re  3 .  Each panel ha2 
l a t e r a l  dimensions of 4 by 8 inches,  with the thickness  var ied  according to t7he shell 
ma te r i a l .  Each  panel consis ted of a shel l  (normal ly  thicker  than the l i n e r ) ,  s eve ra l  
perpendicular r i b s  of the s a m e  ma te r i a l ,  and a thin l i n e r .  Each  of the r i b s  was to be 
completely welded to both the shel l  and the l iner  over  the full length of the panel The 
detai ls  of the panel construct ion a r e  shown in  the f igure.  
MATERIALS EMPLOYED 
As the tabulation contained in  F igure  3 shows, four  m a t e r i a l s  w e r e  used in  this  
p rog ram.  Two m a t e r i a l s  - Type 304 s ta in less  s t ee l  and Alloy 718 - w e r e  used  for the 
shel l  and r i b  components,  and t h r e e  m a t e r i a l s  w e r e  evaluated for  u s e  a s  l i n e r s  - 
Hastelloy X, thor ia -d ispersed  (TD) nickel,  and Alloy 718. T h e  m a t e r i a l s  combinations 
and thicknesses  employed in  this  t a sk  a r e  presented  in  Table 1.  These  m a t e r i a l s  and 
thicknesses  w e r e  a l so  used i n  l a t e r  t a sks  of this  p r o g r a m  in  the fabricat ion of cylindrical 
(Task  11) o r  nozzle ( T a s k  111) components.  
With the exception of the Alloy 7 18 components,  a l l  of the m a t e r i a l s  w e r e  we"8ed 
i n  the as - rece ived  condition (normal ly  mill annealed).  A spec ia l  requi rement  existed 
for  the Alloy 718 components,  however.  Alloy 718 inc reased  i t s  s t rength  considerably 
upon aging, and the re  a r e  s eve ra l  design advantages which a c c r u e  f r o m  using the 
m a t e r i a l  i n  a s  s t rong a condition a s  possible ( th i s  allows the thickness  to be dec reased  
and hence al lows reduction in  the s t ruc tu ra l  weight n e c e s s a r y  to achieve the same load- 
bearing capaci ty) .  Because of the potential of using the much s t ronger  aged material, 
the Alloy 718 components w e r e  welded not only in  the annealed condition, a s  were  the 
other  ma te r i a l s ,  but in  the solution-treated-and-aged condition a s  well .  
Shell 
\ 
FIGURE 3 .  CONFIGURATION O F  F L A T - P A N E L  SECTION 
TO BE FABRICATED IN TASK I 
TABLE 1. MATERIALS AND THICKNESSES USED IN EXPLOSIVE 
FLAT-PANEL WELDING EXPERIMENTS 
Base Cladder  
Mater ia l  Thickness ,  inch Mater ia l  Thickness ,  inch Simulat ioc o f  
Type 304 SS 0 . 3 7 5  Type 304 SS 0. 125  Rib-to- sheL1 w eId inq  
Alloy 7 18 0.060 Alloy 7 18 0. 125 Rib-to-shell  w e l d A n ~  
Type 304 SS 0.060 Hastelloy X 0.020 Liner  -to-rll i  weldvzg 
Type 304 SS 0.060 TD Nickel 0 .030  Liner - to- r ib  w e l d r r ~ g  
Alloy 718 0 .060  Hastelloy X 0.020 Liner - to- r rb  vieldi73g 
Alloy 718 0.060 TD Nickel 0 .030  Llner  -to -7rlb vseidrl~g 
Alloy 718 0.060 Alloy 7 18 0.040 Liner- to-  r i b  \veidlriq 
p- 
An additional complication was incorporated into the work  with the 118 Alloy II 
was found that commerc ia l  f o r m  of the alloy used in  the initial  exper iments  (Incone:! 7 U 8) 
had quite low ductility a s  a r e su l t  of the explosive-welding operat ion.  The results of a 
recent  study of this alloy:I: showed that  a double-vacuum-melting operat ion would provide 
increased  ductility in  the aged condition and, in  addition, would improve  the response  of 
the  alloy to aging t rea tment .  F o r  t hese  reasons ,  a commerc ia l ly  available double- 
vacuum-melted ma te r i a l ,  Allvac 718, was substituted fo r  the Inconel 718. Tbrs scb-  
sti tution was made  af te r  considerable  work had been done with the Inconel 718;  for the 
sake of completeness ,  the work with both of these  ma te r i a l s  i s  repor ted .  
The  various annealing and aging t rea tments  u sed  fo r  the Alloy 718 m a t e r i a l s  are 
presented in  Table 2. This  table also l i s t s  the typical yield s t rengths obtained f r o m  
each  of t hese  t r ea tmen t s .  
DEVELOPMENT 0 F EXPLOSIVE-WELDING PARAMETERS 
The objective of this phase of work was  to develop the pa rame te r s  requi red  to p r o -  
duce high-quality explosive welds between the m a t e r i a l s  combinations of i n t e r e s t .  The  
m a t e r i a l s  combination fo r  the panels requi red  welds of the following types: 
(1)  Type 304 s ta in less  s tee l  - self-weld 
( 2 )  Alloy 7 18 - self-weld 
(3 )  Type 304 s ta in less  s t ee l  - Hastelloy X 
(4)  Type 304 s ta in less  s tee l  - TD Nickel 
(5)  Alloy 718 - Hastelloy X 
( 6 )  Alloy 718 - TD Nickel 
"Inouye, F. T. ,  et  a l . ,  "Application of Alloy 718 in M - 1  Engine Components", NASA CR-788, June, 1967. 
:ABLE 2.  HEAT TREATMENTS AND PROPERTIES OF ALLOY 718 X1ATEUIAI.S 
vSED I N  EXPLOSIVE WELDING STUDIES 
-- 
Thermal Processing History Representative 
Solution Annealing Initial Aging Second Aging Yield Strength 
Tempera - Tempera - Teinpera - 0.2  percent Designation in 
ture, Tiine, cure, Time, turc, Time, Offsct, DiScussion of 
\ : a t e r ~ a l  (:onilition F hr F hr F l-ir I<si Experiments 
I iolutioil anncaled 1850 1 None None None None 63 A 
, ' v , ~ c  Sol\ition annealed 1750 1 None None None None 7 1 C 
\ v s o i ~ i t ~ o n  a nealed 1950 1 None None None None 62 D 
111 ibis phase of the work,  the weld s t rengths attainable between seve ra l  of these  
combina"cons were  determined.  This work also examined the ductility of the explosive 
welds,  and the effects of the explosive-welding operat ion on the mic roha rdness  of the 
~ ~ ~ a t e r i a l s .  
Rectangular components, nominally 3 by 8 i n . ,  w e r e  used to de te rmine  the com- 
biilatlon of welding pa rame te r s  which produced the best  welds.  The  ma te r i a l s  of in te res t  
w e r e  assembled with suitable backup and support  plates  and welded using a commerc ia l  
b l a s t ~ n g  dynamite::: a s  the explosive charge .  The  paral le l-plate  method of welding was 
used in  these  experiments ,  and the complexities involved in using initially angled plates  
were thereby eliminated. The  amount of explosive (explosive loading) and the separat ion 
iiir standoff gap) between the plates  to be welded w e r e  var ied .  Forty-two flat-plate 
experiments were  run  in  this  parameter-development  work;  they resu l ted  in  development 
oi welding pa rame te r s  which produced sound welds between each  ma te r i a l s  combination 
ai interest, 
The component a r rangement  used in these  exper iments  i s  shown in  F igure  4. As 
can be seen,  the base plate was  positioned on a thick (normal ly  112 inch) anvil  plate for 
s u p p o r t S m a l 1  rectangular sh ims  (not  shown) w e r e  placed on the anvil plate, and these  
provicled the requi red  gap o r  separa t ion  between the base and c ladder .  As the f igure 
shotvs,  sonre of the cladder plates  were  attached to a s tee l  support plate,  which was  
then placed on the space r  sh ims .  Other cladder plates  ( the  118-inch-thick plates  used 
In the r ib- to-she l l  welding simulation) did not requi re  a support plate,  and w e r e  instead 
p i a c e d  darectly on the space r  sh ims .  A sheet  of 118-inch-thick rubber  was then placed 
a t o p  the cladder o r  cladder support shown. 
The explosive char  e was loaded into a rectangular  container and packed to a den- 4 sl ty  o~ 96 g / ~ n .  ( 1  g l c m  ) .  As shown in the f igure ,  this explosive charge  was  wider  
ihdn b o t h  the cladder and base  plates ,  and thereby acce lera ted  the cladder  plate to a 
un i l o rm velocity over  i t s  ful l  a r e a .  The  f igure also shows that the initiating end of the 
charce overlapped the front  end of the plate assembly .  This  extension of the charge was 
ased to Insure that the detonation velocity of the explosive had stabilized by the t ime it 
reached the front edge of the cladder  plate.  
- - - - ---- 
iol  I 7 i l v P  ? - a nonnirroglycerln. n~trostarch-senslrized explosive lnanufactured by The T r o ~ a n  Powder Compdny. 
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FIGURE 4. COMPONENT ARRANGEMENT USED FOR 
PRELIMINARY WELDING EXPERIMENTS 
The  initial s e t  of welding pa rame te r s  used for  each of the ma te r i a l s  combinations 
was chosen on the basis  of past  explosive-welding experience.  The  plates welded with 
p a r a m e t e r s  w e r e  sectioned, and the quality of the welds produced was  determined by 
means  of chisel-peel testing and, when required,  by metal lographic examination. The 
e a s e  with which the welded plates ,  could be separa ted ,  together  with the appearance  o f  
the weld interface,  was used a s  a bas i s  for  a pre l iminary  a s ses smen t  of the quality of 
the weld. 
The welding pa rame te r s  were  then modified on the basis  of these  r e su l t s ,  It was 
found that in  m o s t  c a s e s  the or iginal  p a r a m e t e r s  w e r e  "low", and i t  was neces sa ry  to 
e i ther  i nc rease  the explosive loading and/or  i nc rease  the standoff gap to achieve good 
welding. This i terat ion p roces s  of welding, pre l iminary  evaluation, and pa rame te r  
adjustment  was  continued until sound welds w e r e  produced fo r  each of the ma te r i a l s  
combinations. 
The p a r a m e t e r s  found to produce the best welds in  each  of the combinations of 
i n t e r e s t  a r e  l is ted in  Table 3 .  I t  will be noted that Alloy 718 in the aged condition. re-  
quired "higher" welding pa rame te r s  than i t  did in  the annealed condition. In fact ,  the 
explosive loading requi red  to weld aged Alloy 718 to i tself  was  so  much higher than the 
loading needed for  the annealed m a t e r i a l  that i t  was decided it would be imprac t ica l  to 
self-weld the aged ma te r i a l  in  a panel configuration. An analysis  of the load-bearing 
requi rements  of the s t ruc tu re s  showed that the higher s t rength  achieved by aging would 
be needed only in the shel l  component; consequently, only the she l l  was aged, and the 
r ib s  and l i ne r s  were  used in  the annealed condition. All l a t e r  experiments  with 
Alloy 718 were  per formed using this  combination of heat- t reated m a t e r i a l s .  
Detailed Evaluation of Welded F la t -P la t e  Components 
The routine examination given to a l l  of the explosively welded coupons was ex- 
tended to cha rac t e r i ze  m o r e  fully those welds which w e r e  produced with the bes t  
parameters - those given in  Table 3 .  This  examination included metal lographic ex- 
amina"tion and photomicrographic documentation, tens i le -shear  t e s t s  of the weld s t rength,  
determinat ion of microhardness  profiles of the welded plates ,  and evaluation of the weld 
ciuc-tillly by means  of bend testing. 
The welds produced using the pa rame te r s  l i s ted  were  sound and contained l i t t le  o r  
no t rapped jet and me l t .  All of t hese  welds exhibited the rippled interface cha rac t e r i s -  
t i c  of good welds. F igures  5 and 6 show welds produced between the ma te r i a l s  sys tems 
of i n t e r e s t .  
TABLE 3. SUMMARY OF BEST EXPLOSIVE-WELDING PARAMETERS AS DETERMINED 
FROM FLAT -PLATE WELDING EXPERIMENTS 
p- 
- 
Material  Combination Explosive -Welding 
Cladder Parameters 
Base Plate Nominal Support Standoff Explosive 
Heat Heat Thickness, Thickness, Gap ,  Thickness, 
Mase r~a l  ~ r e a t r n e n t ( ~ )  Material Trea tment  in. in. in. in. 
Type  204 SS - - Type  304 SS - - 0.125 - - 0.060 11/16 
1 ype 304 ,iS -- Hastelloy X - - 0.020 1/16 0.050 9/16 
Type d04 sS - - TD Nickel -- 0.030 1/16 0.060 9/16 
Tilconel 718 A Inconel 718 A 0.125 -- 0.100 9/16 
1il~onz, 718 B Inconel 718 B 0.125 0.019 0.100 1 -5/16 
Allvac 718 C Allvac 718 C 0.060 0.019 0.094 9/16 
A:lvac 718 F Allvac 718 F 0.060 0.019 0.050 1 -11/16 
incone? 718 A Hastelloy X - - 0.020 1/16 0.050 9/16 
inconel 718 B Hastelloy X - - 0.020 1/16 0.070 11/16 
inconel 718 A TD Nickel - - 0.030 1/16 0.060 9/16 
Inconei 718 B TD Nickel  - - 0.030 1/16 0.060 11/16 
-- 
(a)  As specrfied ril Table  2. 
Determination of the Weld Strength 
The quality of the welds produced using the "best" pa rame te r s  was determined 
by examining the s t rength  of the welds.  This  evaluation was per formed using a tensi le-  
shear test in which the weld between the components i s  t es ted  in  a s h e a r  mode.  The 
configuration used in  this tes t  i s  shown in F igure  7 .  This  t e s t  has  proven useful a s  a 
of weld s t rength,  even though the bending moment  which exis ts  in  the t e s t  zone 
m a y  b ~ e  significant for  ma te r i a l s  of unequal thickness .  
4C156 
a .  T y p e  304  SS Welded t o  Itself 
1OOX 4C160 
b. Weld In te r face  Between Type  304 SS and  Hastel loy X 
lOOX 4C158 
c. Weld In te r face  Between Type  3 0 4  SS and  TD Nickel 
FIGURE 5 .  EXPLOSIVE WELDS PRODUCED WITH TYPE 304  STAINLESS 
STEEL USING THE OPTIMUM WELDING PARAMETERS 
5C342 
a .  Al lvac  718  Welded to Itself 
lOOX 3C395 
b. Weld In te r face  Between Al lvac  718  and  Hastel loy X 
lOOX 3C391 
c. Weld In te r face  Between Allvac 718  and T D  Nickel  
FIGURE 6. EXPLOSIVE WELDS PRODUCED WITH ANNEALED ALLVAC 718 
USING THE OPTIMUM WELDING PARAMETERS 
l ad  
Weld 
Base 
FIGURE 7 .  TENSILE-SHEAR SPECIMEN USED TO MEASURE 
STRENGTH O F  EXPLOSIVE WELDS 
Clad = t 
> 
Base = t2 ;  t 2  - t .  
Duplicate specimens of s eve ra l  combinations of mos t  in te res t  w e r e  machined f r o m  
the welded flat  plates and tes ted  a t  0 .  02 ipm until fa i lure .  To provide a d i rec t  compari- 
son  between the explosively welded plates  and the inherent  s t rength  of the base  me ta l s ,  
s eve ra l  t es t  specimens w e r e  machined f rom solid plates  of both Type 304  SS a n d  annealed 
Alloy 718 and tes ted  in duplicate. 
The data  obtained in the tens i le -shear  tes t s  a r e  presented  in  Table 4. The mea- 
su red  s t rength levels  w e r e  in  a l l  c a s e s  a t  l e a s t  a s  high a s ,  and in  s eve ra l  ca ses  higher 
than, the s ta t ic  yield s t rengths of the parent  me ta l s .  The data a l so  show that the self- 
welds produced between Type 304 SS w e r e  s t ronger  than the solid ma te r i a l .  This result 
i s  at t r ibuted to the considerable  work hardening of the in te r face  which occurred  during 
welding. 
Measurements  of Work Hardening Caused 
bv the Welding O ~ e r a t i o n  
The  extent of m a t e r i a l  strengthening and work  hardening induced by the explosive- 
welding operat ion was determined through use  of mic roha rdness  measu remen t s .  Knoop 
microhardness  measu remen t s  using a 500-gram load were  taken on samples  of each 
mate r i a l  before explosive welding, and were  a l so  taken on polished c r o s s  sect ions of 
representa t ive  welded coupons. Measurements  were  taken a t  0.  001-inch intervals  for a 
distance of 0. 005 inch f r o m  each  sur face  (both the welded interface and  each  external 
sur face)  and then a t  0.005-inch intervals  for  dis tance of 0.060 inch f r o m  each  surface 
Three  indentations were  made  a t  each  l a t e r a l  position and the resu l t s  averaged  to  grve a 
value for  each  dis tance.  The resu l t s  of these measu remen t s  indicated that m o s t  cC the 
mate r i a l s  w e r e  hardened considerably by the explosive-welding operation, and that most 
of the hardness  i nc rease  (due to shock hardening) was confined to about 0 .  030 incEi on 
ei ther  s ide  of the welded interface.  Except for  the thinner TD Nickel and HasteHloy X 
cladder m a t e r i a l s ,  which hardened through the i r  en t i re  th icknesses ,  no sigzitficant 
ha rdness  i nc rease  was  noted a t  the external  sur face  of any of the other  ma te r i a l s  
T A B L E  4 .  RESULTS O F  TENSILE-SHEAR TESTS O F  
EXPLOSIVELY WELDED COUPONS 
- 
M a t e r i a l  Component  M a x i m u m  W e l d  S h e a r  
Base Cladder  Lo a d ,  A r e a ,  - St reng th ,  
Component Component  l b  inL p s i  R e m a r k s  
304  SS 2050 0 . 0 2 3 3  89 ,000  B r o k e  a t  we ld  
304 SS 2 120 0 .0233  9 1 , 0 0 0  B r o k e  a t  weld 
3 0 4  SS Cont ro l  19 00 0 .  0250 75,  700 Broke  in s h e a r  a r e a  
3 0 4  SS Cont ro l  1660 0 .  0250 66 ,300  B r o k e  in s h e a r  a r e a  
3 0 3  SS T D  Nickel  1005 0 .  0133 8 9 , 6 0 0  B r o k e  a t  weld 
? O r  SS T D  Nickel  9 80 0 .  0133 87 ,200  B r o k e  i n  T D  Nickel 
3 0 4  SS Has te l loy  X 8 0 2 0 . 0 0 7 5  107,000 B r o k e  a t  weld  
304 SS Hastel loy X 815 0 .  0075 109 ,000  B r o k e  a t  weld  
lnconel 7 I 8ja)  T D  Nickel 996 0 .  0113 88 ,  500 B r o k e  in  T D  Nickel 
; n c c n e l  718(") T D  Nickel 866 0 .  0 113 77 ,000  B r o k e  a t  weld 
ancvrlcl 7 18(") Hastel loy X 840 0 . 0 0 7 5  112 ,000  B r o k e  a t  weld 
Inconel 7 1 8 ( ~ )  Haste l loy X 870 0 .0075  116 ,000  B r o k e  at weld 
Inconel 718 Cont ro l  1522 0 . 0 1 5 7  96 ,700  B r o k e  i n  b a s e  m a t e r i a l  
Cnaco~~el 7 18 Cont ro l  1385 0 . 0 1 5 7  88 ,000  B r o k e  in  s h e a r  a r e a  
- 
(a )  Aged accoidlirg to Meat-Treatment B; yield strength 141 ksi. 
Typical  m i c r o h a r d n e s s  s u r v e y s  a r e  shown i n  F i g u r e  8 f o r  all of the m a t e r i a l s  of 
mter e s t .  T h e  va lues  obtained r e p r e s e n t  the  va lues  obta ined wi th  s i m i l a r  welding p a r a -  
m e t e r s .  While o t h e r  condit ions of explosive  loading o r  standoff (which  influenced t h e  
coli~sion velocity) exhibited s l ight ly  di f ferent  va lues ,  the  s a m e  r e l a t i v e  ha rden ing  w a s  
achieved. 
It can  be  s e e n  that  t h e  l a r g e s t  h a r d n e s s  g rad ien t  and g r e a t e s t  change in  h a r d n e s s  
from the or ig ina l  m a t e r i a l  (g iven  i n  p a r e n t h e s e s )  w e r e  p roduced  i n  Has te l loy  X, Type 
'3 '3.4 SS, an& annea led  Inconel  7 18. A somewhat  l e s s  but s ignif icant  h a r d n e s s  change w a s  
also produced i n  the  a g e d  Inconel 718. T h e  s m a l l e s t  h a r d n e s s  g rad ien t  and l e a s t  change 
were p roduced  in  the  T D  Nickel.  
De te rmina t ion  of Weld Ductility 
Bend t e s t s  w e r e  m a d e  to  d e t e r m i n e  t h e  ducti l i ty of both t h e  welded i n t e r f a c e s  and  
the base m a t e r i a l s  a f t e r  t h e  welding opera t ion .  F o r  c o m p a r i s o n ,  a s - r e c e i v e d  and  aged 
~ n a t e r l a l s  .were a l s o  bend tes ted .  Bend- tes t  coupons w e r e  taken f r o m  welded coupons 
which were  fabr ica ted  using the  welding p a r a m e t e r s  g iven i n  T a b l e  3 .  Two coupons,  
each 13 t o  5 inches  long and  0 .  625 inches  wide,  w e r e  m a c h i n e d  f r o m  e a c h  welded p la te .  
Each set of s p e c i m e n s  w a s  bent 120 d e g r e e s  us ing a punch r a d i u s  twice  the  s p e c i m e n  
thickness ( 2 T ) ;  one s p e c i m e n  w a s  bent with the  th inner  c ladder  component  facing up 
(cladcier in c o m p r e s s i o n ) ,  whi le  t h e  o t h e r  w a s  bent wi th  the  c ladder  component facing 
Thickness  o f  Coupon, 
FIGURE 8 .  MICROHARDNESS TRAVERSES FOR EXPLOSIVELY 
WELDED MATERIALS 
Numbers  in  pa r en the se s  r e p r e s e n t  a s - r ece ived  
h a r d n e s s  va lues .  
c ' c w ~ - i  ~ c ' ~ l d d e r  in tension). After bending, each  specimen was examined vlsually and in 
- 1-1- ~staaiices metallographically,  fo r  evidence of damage. 
A:' 3i the sys tems containing Type 304 SS cound be bent through a 120-degree,  
L T  *-,ad 11s virit5out damage o r  cracking of the weld o r  the parent  material. However, the 
~ ' i "  >reduced between age-hardened Inconel 718 and e i ther  Hastelloy X o r  T D  Nickel 
~ 1 i 0 . v ~ ~ ~  much different behavior.  When these  coupons were  bent with the claddes plate in  
: C ~ - D ~ P Y S ~ O I I ,  no evidence of damage was noted, a s  shown in F igure  9a However, 
s l r ~ ~ , ' a r  coupons bent with the cladder  plate in tension cound not withstand the 2T bend 
-i;dir*~ and lhus f rac tured  a s  shown in Figure 9a. 
This behavior m a y  be explained by considering the position of the coupon's neutral  
a .I.: relallve to i t s  weld interface during bending. Because the thickness  of the cladder  
<vas d w a y s  l e s s  than that of the Inconel 718 base,  the position of the neutral  axis did not 
r-orrespond to  the weld interface.  Therefore ,  when a coupon was bent with the 
Jnconol 718 on the bottom, m o s t  of this component was in tension, but the weld itself  
and its work-hardened regions were  in  compress ion  and no damage resul ted.  This  
s~tuatlon w a s  r e v e r s e d  when a coupon was bent wlth the Inconel 718 on top. Although 
most  of the Jnconel 718 was now in compression,  the weld and i t s  work-hardened regions,  
be lng  helow the neutral  ax is ,  we re  subjected t o  tension. The Inconel 718 in this  region 
<lid r,ot have sufficient ductility and c racks  were  initiated. Fu r the r  support for  this r e a -  
somlng ss  g3ven by the smal l  c r a c k  visible in  Figure 9b n e a r  the welded interface.  
Fa~!ure of the specimen shown was probably initiated f rom such a crack.  
An ef ior t  was made  to bend specimens f rom a welded coupon consisting of age-  
blkrdened Inconel 718 components of equal thickness .  Although they cound be bent 
120 degrees  over  a 112-inch radius (4. ZT), fa i lure  resu l ted  when they were  bent 120 de-  
g rees  over 3. 31'8-inch radius (3. IT) .  
For purposes of comparison,  specimens of as - rece ived ,  annealed, and aged 
ma te r i a l s  were  a l so  bend tested.  In al l  c a ses ,  the a s -  received o r  annealed ma te r i a l s  
cound be beqt to a IT ,  120 degree bend without any visual evidence of cracking. However, 
none of the aged Alloy 718 m a t e r i a l s  cound be bent to  l e s s  than a 2T radius without 
damage. 
Explosive Welding of P lasma-Sprayed  Components 
Several experiments  were  conducted in which Hastelloy X, p lasma-sprayed  on one 
s ~ i r i a c e ,  was explosively welded to  304 SS. The purpose of these  exper iments  was to  
de-ce rmme whether ce ramic  coating would r ema in  intact  throughout a l iner - to  - r i b  
cveldlng operation. A Mo-Zr02  coating was se lec ted  fo r  use  f rom seve ra l  candidate 
cod t lngs  because i t  was considered m o s t  l ikely to survive the welding operation. 
Sheets of Hastelloy X, 0.020 by 3 by 5 inches,  were  p lasma-sprayed  on one s u r -  
lace with e i ther  a 0. 020-inch thick l aye r  of pure Z r 0 2  o r  a graded M o - Z r 0 2  coating. A 
Thln layer  of molybdenum was used  under the pure  Z r 0 2  coating to improve the coating 
ddhesence. The graded coating consis ted of five l a y e r s ,  each  0. 003 to  0. 004 inch thick, 
having the nominal compositions indicated below: 
Hastelloy X 
cladde P 
Inconel 7 18 
base 
5 OX 46213 
a. Hastelloy X in Compression 
21 
Hastelloy X 
cladder 
Inconel 7 98 
base 
5 OX 4C2 11 
b. Hastelloy X in Tension 
FgGURE 9. BEND TESTING O F  WELDS BETWEEN HASTELLOY X 
AND INCONEL 718 
The specimens were bent 120 degrees over a 2T radius, 
Substrate  - Hastel loy X 
F i r s t  l aye r  - 100 wt yo molybdenum 
Second l a y e r  - 75 wt 70 Mo - 25 wt 70 Z Z r 2  
Th i rd  l aye r  - 50 wt 70 MO - 50 wt 70 ZZr2  
Four th  l a y e r  - 25 wt % Mo - 75 wt 70 ZrO2 
Fifth l a y e r  - 100 wt 70 Z r 0 2  
The coated Hastel loy X and 304 SS plates  w e r e  welded using the welding p a r a m e t e r s  
establ ished e a r l i e r  f o r  the Hastel loy X 304SS sys t em (0.05-inch standoff gap and 
9/ 16 -inch-thick explosive charge) .  In each  experiment ,  the  coated Hastello y cladder  
plate was at tached to 1 / 16 -inch-thick sheet  s tee l  with the coated side next to  the  s tee l  
t o  atteeluate the effects of the explosive charge.  In some exper iments ,  a nominal 
118-inch-thick l a y e r  of rubber  was also positioned between the s tee l  and the explosive 
to further buffer the explosive effects.  
19s expected, the Hastelloy X welded to  the 304 SS in al l  f ive experiments .  How- 
e v e r ,  despite the effor ts  t o  pro tec t  the  coatings f r o m  the welding environment,  none of 
t hem survived without damage. The pa t te rn  of damage i l lus t ra ted  in F igu re  10 f o r  a 
pGre Zr02 coating was typical of a l l  the coatings, whether  pure o r  graded. The molyb-  
denum l a y e r  adhered  to Hastel loy in  m o s t  a r e a s  of each  specimen,  while the oxide and 
graded  oxide coating sepa ra t ed  f r o m  the molybdenum f o r  over  half of the sur face  a r e a .  
As  shown i n  F igure  10, the  oxide l a y e r  which did adhe re  was  c racked  severe ly .  
FIGURE 10. DAMAGE PRODUCED I N  Zr02 COATING UPON 
EXPLOSIVELY-WELDING HASTELLOY X SUBSTRATE 
TO STAINLESS STEEL 
The thin layer of molybdenum was put on the 
Hastelloy substrate  to improve the adherence 
of the Zr02 coating. 
These  r e su l t s  indicate that nei ther  pure ZrO2 o r  graded Mo-Zr02  p lasma-sprayed  
coatings can survive the s t r e s s e s  generated by explosive welding. Separat ion of the 
coatings f r o m  the molybdenum probably occurs  by a spallation mechanism,  e l ther  f r o m  
s t r e s s  reverbera t ions  within the cladder  assembly  during acce lera t ion  o r  from teens ile 
ra refac t ion  s t r e s s e s  generated during the impact  of the cladder  with the base The cracks 
within the coatings a r e  at t r ibuted to the bending of the cladder  assembly  whsch occurs  a s  
i t  i s  acce lera ted .  Other  experimental  evidence has  shown that the cladder assembly  
bends through a n  angle of between 8 to 9 degrees  for  the cladder-plate  thickness  and ex-  
plosive loading used. 
DEVELOPMENT O F  TECHNIQUES FOR FABRICATING 
THREE RIB-PANEL SPECIMENS 
The objective of this phase of Task  I was to  develop the procedures  f o r  expbosiveiy 
fabricating subscale  specimens of the flat-panel configuration shown in F igure  3 .  In 
this work,  techniques w e r e  developed for  the r ib- to-shel l  welding operation using oae-  
and th ree - r ib  panel specimens,  and the l iner - to- r ib  welding s tep  was studied using th ree -  
r ib  panels .  
Rib- to-Shell Welding Experiments  
The spoolpiece configuration to be fabricated in  Task  I1 requi red  that the rib-to- 
shel l  welding operat ion be conducted by accelerat ing the r ib s  against  the shel l ,  r a the r  
than by accelerat ing the shel l  against  the r i b s .  It was  also requi red  that the r ibs  be 
confined and prevented f r o m  extruding la te ra l ly  during the welding operat ion.  
T h r e e  techniques w e r e  considered for  explosively welding the r ib s  to the s h e l l  
components.  Two of these  methods employed s tat ionary tooling which was in initial con- 
tact  with the shel l  and acce lera ted  the r ib s  against  the shel l  between these  tooling pieces 
In  the f i r s t  of these  methods,  a single r i b  was  used.  This  method was  not s u c c e s ~ f u 1 ,  
but led  to a laminated-r ib technique which produced margina l  welds.  In the therd 
technique, movable tooling was employed and this  proved to be a pract ical  way to pro-  
duce sound r ib- to-shel l  welds.  The development of this  in tegra l r ib  technique was the 
mos t  important  milestone in  Task  I,  a s  i t  permi t ted  high-integrity r ib- to-shel l  welds to 
be consistently produced. 
A successful  rib-to-shell  welding method was  developed using 304 SS r ibs ar;d 
shel ls .  Following this  development effort ,  the s a m e  techniques w e r e  used to  fabricate 
t h ree - r ib  panels f r o m  Allvac 718. 
Single and Laminated Rib Techniques 
The  var ious  components and the i r  a r rangement  for the s ingle-r ib  experimen~ts  are 
shown in  F igure  l l a .  A 318 by 2 by 8-inch 304 SS she l l  was supported on a 112-inch- 
thick s t ee l  backup plate,  and s tee l  r i b  guides,  31  16 by 114 by 8 inches,  were  positioned 
on the shel l  plate adjacent to two 3 /  16 by [ l  -inch s tee l  r a i l s ,  a s  shown. A single 0 .  062 
by 0. 120 by 8- inch 304 SS r i b  was  at tached with double-stick tape a t  a 0 .019-inch-thick 
,.;,{;k:;i,j:r,,; ;I.; ,:;: .;:;;,j.;;;~,:i~:!,j:rr.r,rr..:,.,;;j, , % j ; . . . : . . . ; ' , y . ~ ~ .  ':-'.;, ;tt,:..: 
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Explosive 
Rubber buffer Rib support 
Rib Side rails 
Rib guide 
Shell 
Anvil plate 
a. Single-Rib Technique 
Rib support 
Laminated ribs 
Shel I 
Explosive 
Rubber buffer 
Rib guides 
(rectangular 
and tapered) 
Anvil plate 
b. Laminated- Rib Technique 
FIGURE 11. COMPONENT ARRANGEMENTS F O R  EARLY 
RIB-TO-SHELL WELDING E X P E R I M E N T S  
304 SS support plate,  and this r i b  support was  positioned on the r i b  guides s o  that the 
attached r i b  fit between them. A 118-inch rubber  buffer and the explosive charge w e r e  
next positioned on the support plate .  The explosive charge  overlapped the experimental 
a r e a ,  a s  descr ibed  previously, and was detonated using a n  e lec t r ic  blasting cap 
Four  experiments  w e r e  conducted using this  a r r angemen t .  The s i z e s  of the rib 
and side components provided for a 0 .060-inch standoff gap between the r ib  and iY-te 
shel l ,  and explosive l aye r  thicknesses  were  between 111 16 and 13 / 16 inch. None o f  
t hese  experiments  produced any r ib- to-shel l  bonding whatever .  
The  fa i lure  of this method was  at t r ibuted to two f ac to r s .  One of these  was l1.e 
l a t e r a l  expansion of the r ib  guides under shock loading and the consequent w e d g r ~ ~ ;  and 
"pincing" of the r i b  before i t  had achieved full velocity.  According to thls  explanallori, 
the l a t e r a l  Poisson  expansion would be m o r e  s e v e r e  and the r i b  would cons ecjtreatly m'Jvc 
!ess for  higher  explosive loadings, a r e su l t  which was in  fact observed .  
The second cause  of poor welding was  the poor energy coupling between the single 
r i b  an2 t'?e exolosive charge .  Only a very  sma l l  a r e a  of t r a n s f e r  contact was avallals? c 
and consequently the r i b  was  not acce lera ted  to the s a m e  velocity i t  would have r z a i  hcci 
ha2 a sol!d plate of equal thickness  been used. 
A modification of this  stationary-tooling approach  was  used in a n  at tempt  to o v e r -  
come the two hindering f ac to r s .  The s ta in less  s t ee l  r i b  to be bonded was laminated 
between two equally s ized  r ib s  of mi ld  o r  s ta in less  s tee l ,  and this composite rib was 
positioned between the r i b  guides a s  before.  The a s sembly  used in  these  experiments 
i s  shown in F igure  l l b .  Some of these  laminated r i b  experiments  used solid r i b  quides) 
a s  were  used in  the s ingle-r ib  experiments ,  while o thers  used r i b  guides wl-iich were 
chamfered (indicated by dashed l ines  in  F igu re  1 l b .  The remainder  of each. assembly  
and the welding pa rame te r s  used w e r e  identical to those used  i n  the s ingle- r ib  
exper iments .  
Twelve experiments  w e r e  conducted using the lamina ted- r ib  technique. Explosive-  
charge  thicknesses  of between 11/16 and 1 inch w e r e  used  in  these  exper iments .  The 
support  r i b s  w e r e  removed af te r  welding, e i ther  by ac id  leaching (50-50 n i t r i c  a c id -  
water  solution a t  200 F) o r  by mechanical  means ,  which was possible  s ince  they were 
not themselves welded to the shel l .  Metallography and mechanica l  peel test s were used 
to evaluate the weld between the cent ra l  r i b  and the shel l .  
I t  w a s  found that some  degree  of r ib- to-shel l  welding was  produced using the 
laminated-r ib technique. The  u s e  of mi ld-s tee l  support  r i b s  resu l ted  in  l a t e r a l  ewtru-- 
s ion of the mi ld  s tee l  between the s ta in less  s tee l  r i b  and the shel l  which producecl a 
poor weld. The  use  of s ta in less  s t ee l  for the support r i b s  resu l ted  i n  bet ter  welds,  
although welding was  not achieved over  the full length of the sample .  A typical weldec! 
interface produced using this  m a t e r i a l  combination i s  shown in  F igure  12. 
At this  s tage of the p rog ram,  i t  became apparent  that high-integrity rlb-to-shell 
welds could not be rel iably produced by accelerat ing only the r i b  components whiie the 
support tooling remained  in contact with the she l l .  When explosive- charge levels  w e r e  
sufficiently high to acce l e ra t e  the 304 SS r i b  components,  extensive l a t e r a l  extrusion o f  
the support tooling prevented the r ib s  f r o m  contacting and welding to the shell ji? most 
a r e a s .  The u s e  of high-strength tooling and tapered  tooling designs did not improve the 
situation to any extent.  The re fo re ,  the laminated-r ib technique was  abandoned 
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a. T r a n s v e r s e  Section 
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FIGURE 12. RIB-TO -SHELL WELDS PRODUCED USING 
THE LAMINATED-RIB TECHNIQUE 
Integral-Rib Techniaue 
A new approach was used  to overcome the problems encountered in  the one-  2nd 
t h r ee - r ib  welding experiments  d iscussed  above. In this  new method, both the ribs anci 
the  tooling components were  acce lera ted  a c r o s s  a n  interfacial  gap. The cornpaneirt 
a r r angemen t  used to weld a t h r e e - r i b  panel i s  shown in F igure  13. The r ~ b s  and spacer 
tooling were  in t e r spe r sed  a s  shown and held to the support plate and in close lateral con- 
t a c t  with double-sided tape.  The s ta in less  s tee l  r ibs  were  slightly higher than the mrld-  
s t ee l  tooling, and produced a "step" effect of 0.  005 inch a s  shown. This  s tep  was used 
to i n su re  that the r i b  contacted the shel l  before the tooling did, thereby preventing; the 
tooling f r o m  contaminating the r ib- to-  shell  weld. The remainder  of the experimental  
assembly  was  s imi l a r  to that used previously. 
Explosive 
Ribs 
Mild-steel 
spacer tooling 
Rubber buffer 
,Support plate 
Side rails 
Shell 
Anvil 
FIGURE 13. INTEGRAL-RIB METHOD FOR 
RIB-TO -SHELL WELDING 
This  technique produced sound 
welds,  a s  the motion of the r ib s  
was  not hindered by the tooling. 
A s e r i e s  of experiments  was run  to evaluate the per formance  of this  rib-tooling 
concept. This  evaluation was  per formed using the s tainless  s tee l  sys t em,  and when i t  
was  found that high-quality welds cound be produced, the method was used to fabricate 
the Alloy 7 18 components. 
The  s ta in less  s tee l  specimens w e r e  welded using p a r a m e t e r s  developed in the 
pre l iminary  flat-plate welding s tudies  - a 0. 068-inch standoff dis tance and explosive- 
charge  thicknesses  of 111 16 and 314 inch. After welding, the s tee l  tooling wa.s removed 
f r o m  the spec imens  by acid leaching (using hot,  50 percent  n i t r ic  acid)  and metal lo-  
graphic s amples  w e r e  cut showing t r a n s v e r s e  and longitudinal sections of the rib--to- 
shel l  weld in te r faces .  Examination of t hese  samples  revealed that r ib- to-  shell weldi~zg 
w z s  achieved with both of these  explosive loadings, but the panels welded using the 
hlgber load  exhibited s t ronger  welds.  The appearance of a typical r ib- to-shel l  weld 
nsoduced using a 314-inch-thick charge i s  shown in F igure  14. 
Allvac 718 specimens w e r e  welded using a s imi l a r  configuration. A 0 .  100-inch 
standosf diistance and explosive-charge thicknesses  of 91 16 to 3 14 Inch w e r e  used in  
these exper iments .  In these  exper iments ,  shel l  components in the aged condition and 
r ibs  in the solution-annealed condition w e r e  employed. The decision to u s e  this  com- 
'3rnatlon of Ineat-treatment condition was made  during the flat-plate welding work,  and 
resuctet! f rom the difficulty experienced in welding age-hardened Alloy 718 to i tself .  
'iecause this combination of aged and annealed m a t e r i a l s  had not been previously welded, 
a range of explosive loadings were  used so that the welding behavior of th i s  sys t em 
could be examined. 
The  panels w e r e  evaluated metallographically in  the  s a m e  manner  a s  the s ta in less  
s tee l  panels .  The quality of the welds increased  a s  the explosive loading increased ,  
with the panels welded using 3/4-inch-thick charges  showing very  s t rong welds.  
I t w a s  found that for  both of these  ma te r i a l s  sys t ems ,  the explosive loadings r e -  
quired to  iichieve s t rong rib-to- shel l  welds were  g rea t e r  than those used in  the flat-  
plate experiments .  The welds produced with these  modified pa rame te r s  were  s t rong  
and sound, and extended over  the full a r e a  of the r ib-shel l  contact a r e a .  
Liner  -to-Rib Welding Experiments  
The l iner - to- r ib  welding operation was the second ma jo r  s tep  in  explosively weld- 
ing flat-panel sect ions.  This  weld was made  by welding the l iner  direct ly  to the shel l -  
r i b  s t ruc tu re  which had been fabricated by the in tegra l - r ib  technique and this welding 
operation would be the s a m e  for  both approaches that w e r e  to be used in  l a t e r  t a sks .  An 
iniportant benefit der ived f r o m  the in tegra l - r ib  technique in  r ib- to-shel l  welding was  
f i a t  the space r  tooling requi red  in  the l iner-welding operat ion was  in  place a s  a resu l t  
of the r ib- to-shel l  welding operation and could be used without fur ther  modification. 
Seve ra l  t h ree - r ib  s ta in less  s t ee l  and Allvac 718 r ib-shel l  s t ruc tu re s  w e r e  fabr i -  
cated us ing  the integral  rib-welding technique. These  s t ruc tu re s  were  then p repa red  
for the l iner - to- r ib  welding operat ion by flattening them and then reducing the height of 
the tooling S O  that  the r i b s  extended seve ra l  m i l s  above the tooling. Hot n i t r ic  acid was 
spplsed by hand to reduce the tooling heights.  F igu re  15 i l lus t ra tes  the a r r angemen t  of 
compoaeii"c used in  a typical l iner - to- r ib  welding experiment .  The assembly  and weld- 
sng procedures  used in  these  experiments  were  the s a m e  a s  those used in  the pre l iminary  
flat-plate welding experiments .  
Hastelloy X l i ne r s  were  welded to both s ta in less  s tee l  and Allvac 718 r ib-she l l  
structures using standoff dis tances of 0 .  050 inch and 0 .  070 inch, respect ively.  
Explosive-charge thicknesses  of 9 /16  inch w e r e  used for the 304 SS s t ruc tu re s ,  charge  
thicknesses  of 5 /8  and 11/16 in.  w e r e  used fo r  the Allvac 718 s t ruc tu re s .  The tooling 
was leached f r o m  each of the panels a f t e r  welding, and samples  w e r e  cut f r o m  each 
which showed t r a n s v e r s e  and longitudinal sections of the weld between the l iner  and 
the middle r ib .  Other  samples  of the panels w e r e  subjected to peel t e s t s .  The welds 
between Hastelly X and both s ta in less  s t ee l  ar,d annealed Allvac 7 18 w e r e  examined 
r-neta.ilographically and showed the continuously rippled interfaces cha rac t e r i s t i c  of 
coed welding. 
304 SS rib 
304 SS shell 
5C563 
a. Transverse Section 
304 SS rib 
304 SS shell. 
1 OOX 5C562 
b. Longitudinal Section 
FIGURE 14. RIB-TO-SHELL WELD PRODUGED USING 
THE INTEGRAL-RIB METHOD 
Explosive 
Rubber buffer 
Liner support plate 
Liner 
Support tooling 
Rib-she1 I structure 
Anvil plate 
FIGURE 15. COMPONENT ARRANGEMENT FOR RIB-TO- 
LINER WELDING OPERATION 
The  r ib-shel l  s t ruc tu re  was previously 
fabricated using the in tegra l - r ib  techniques. 
FABRICATION O F  SIX- AND NINE-RIB PANELS 
This phase of the Task  I effort  had two objectives: (1) to de te rmine  whether the 
p roces s  developed for  fabricating th ree - r ib  panels could be employed to  fabr ica te  l a r g e r  
-3aneis for detailed testing, and ( 2 )  to  evaluate the effects of changing the r i b  dimensions 
on the q u a l ~ t y  of welds produced in a panel configuration. 
Nine -Rib Panels  
A number of nine-r ib  panels,  having the configuration shown in F igure  3 ,  w e r e  
f a i r ~ c a t e d  to  de te rmine  whether the p roces s  could be used in  the production of l a r g e r  
comuofients.  Duplicate specimens w e r e  made  in o r d e r  to evaluate the reproducibili ty of 
"he process .  
These panels w e r e  fabricated using the techniques developed in welding t h r e e - r i b  
panels.  Whereas only two ma te r i a l  combinations (304 SS - Hastelloy X and Alloy 718 - 
Eiastelloy X), w e r e  employed in the th ree - r ib  panels,  panels fabricated in  this effort  
were made f r o m  each  of the ma te r i a l s  combinations l i s ted  e a r l i e r .  The  panels so fabr i -  
cated were  subjected to detailed nondestructive test ing,  and in  addition seve ra l  of the 
paneis were bur s t  tes ted to fa i lure .  
The panels w e r e  welded using the methods developed in  successful ly  fabricat ing the 
three-rib panels .  As in  that work,  the r i b s  were  al ternated with mi ld-s tee l  space r  
tooling b a r s  and held to a thin s tee l  support plate with double-sided tape.  The r i b s  w e r e  
slightly higher than the tooling b a r s ,  producing a ver t ica l  s tep  of 0.  005 i n c h  Af ter  
the f i r s t  welding operation, the r ib-and-shel l  composite plates were  flattened an(? then used 
used a s  the base component in the l iner - to- r ib  welding s tep .  The  explosive-welding 
p a r a m e t e r s  used to fabr ica te  the nine-r ib  panels a r e  presented in Table 5. 
TABLE 5. WELDING PARAMETERS USED IN NINE-RIB PANEL FABIIPGA'TlON 
---- 
Explo s ive 
Standoff Gap, Thickness ,  
Welding Operat ion in. in.  Exper iments  
304 Stainless  Steel Panels  
Rib-to- shel l  weld 0.068 3 / 4  S- 1 through S - h  
Hastelloy X l iner- to-  r i b  weld 0. 050 9 /16  S-1, -2,  -4, - 5  
TD Nickel l iner - to- r ib  weld 0 .068  9 /16  S-3 ,  S-6 
Allvac 7 18 Panels  
Rib- to- shell  weld 0 .  100 11/16 A- 1 through A-9 
Mastelloy X l iner  - to- r ib  weld 0.070 314 A-1, -2,  - 4  
TD Nickel l iner - to- r ib  weld 0 .068  518 A-3, A-6, 
Allvac 7 18 l iner - to- r ib  weld 0 .068  314 A-8, A-9 
- 
One s m a l l  change was  made  in the welding operat ion - the mode of initiatiov~ was 
changed. Because of the l a r g e r  widths of the nine-r ib  panels,  i t  was deemed necessary 
to initiate the welding charge in  a l inear  mode r a the r  than in  the point mode used earl ier  
This  l inear  detonation was accomplished by means  of a l ine-wave detonator,  a sheet of 
plastic explosive manufactured so  a s  to convert a point detonation ( f r o m  a detonator) i c i  
a l ine detonation. By this  means ,  a detonation front  which propagated perpeizdlcular to 
the r ib s  was  insured .  
A total of 15 nine-r ib  panels were  fabricated,  and a l l  of these  panels appea~ed 
sound in  the as-welded condition. Except for  those panels which had TD Nickel liners, 
the mi ld-s tee l  space r  and support  tooling was successful ly  removed f rom the panels hy 
acid leaching (50  percent  n i t r i c  acid a t  200 F) and the panels w e r e  p repa red  for detailed 
evaluation. Typical panels a r e  shown in F igure  16.  
A chemical  compatibility problem was encountered with the TD Nickel liners A s  
this  problem had been anticipated, compensating s teps  were  taken during fabrica~ion o f  
the panels with these  l i ne r s .  P r i o r  to the i r  u s e  in  the fabrication of panels ,  each ol the 
l i ne r s  had been clad explosively on one s ide with a thin l a y e r  of Type 301 stainless stsei 
The coated s ide  of the l iner  was  then welded to the r ibs  i n  the l iner - to- r ib  welding step 
It  was  hoped that the s ta in less  s tee l  cladding would isolate  the  internal  surface o f  
the TD Nickel f r o m  the leaching acid,  and that the external  sur face  could be protected by 
a suitable organic  coating. However,  the s eve ra l  external  coatings which were atternpied 
failed to protect  the nickel,  general ly  because they did not adhere  well to t k e  l iner  ;kt 
FIGURE 16, EXPLOSIVELY FABRICATED PANEL SPECI.MENS 
a. Type 304 SS r ib-shel l  s t ruc ture  with a Hastelloy X l iner  
b. Allvac 7 18 r ib  -shell s t ruc ture  with a Hastelloy X l iner  
the elevated t empera tu re  and permi t ted  the ac id  t o  gain acces s  to the TD Niclcei, For 
th i s  reason ,  no panels with T D  Nickel l i n e r s  were  available for additional tes t ing.  
Six-Rib Panels  
To a c c e s s  the effects  of changing the r i b  configuration on the quality of panels p r o -  
duced, a number of s ix- r ib  panels were  fabricated. The 304 s ta in less  s teel-Hastel loy X 
ma te r i a l s  combination was used  in  this  work. The number of r i b s  i n  these  panels was 
reduced to s ix  f rom the nine used  in  the previous panel-welding exper iments ,  The use 
of a s m a l l e r  number  of r i b s  reduced the complexity and t ime requi red  to s e t  =dp and 
fabr ica te  the panels,  yet s t i l l  produced a panel sufficiently wide to evaluate the effects ol 
changing the r ib  configuration. 
Two types of experiments  were  run, each  for  examining the effect of changing a 
different r i b  var iable .  One of these  was per formed to  de te rmine  whether l a rge  to le rances  
on the r i b  height would effect the quality of welding in  the panels ,  and the hei g l ~ t  of the 
r ib s  was varied.  The second was per formed to  de te rmine  the quality of welds produced 
using r ibs  whose height changed f rom one end of the panel to the other .  These  tapered-  
r i b  experiments  were  designed to  s imulate  a configuration which could be neces s a  r y  ir? 
nozzle fabrication. 
In f i r s t  s e r i e s  of experiments  t h ree  panels were  fabricated using r ibs  which had 
heights of 0. 115 and 0. 125 inch. The a s sembly  and welding procedures  used  i n  these 
experiments  were  the s a m e  a s  those used  to fabricate  the t h r e e - r i b  panels ,  In  these  
experiments ,  however,  the height of the tooling was reduced f rom 0. 115 to 0, 1 1 0  inch so  
a s  not to in te r fe re  with welding of the sho r t e r  r ibs .  
In the second s e r i e s  of experiments ,  panels were  fabricated which had tapered-  
height r i b s  and cooling channels. The r ib s  and spacer-tooling components u sed  in  these 
experiments  were  uniformly t ape red  f rom one end to  the other .  The height o f  the ribs 
was 0.120 inch a t  one end and 0.090 inch a t  the o ther .  The other  components were  
identical to  those used  in e a r l i e r  experiments .  The standoff gap used in the ~.i '&r-to-sheli 
welding operation was a l so  t ape red  and va r i ed  f rom 0. 068 inch a t  the l a rge  end of the 
r ibs  to  0. 058 inch a t  the other .  All o ther  procedures  and p a r a m e t e r s  were  identical to  
those used  e a r l i e r .  
The  panels which incorporated these  two modifications w e r e  examined af te r  welding, 
No significant differences were  found in the quality of the welds so produced, The panels 
looked essent ia l ly  the s a m e  a s  those shown in Figure 16 except for  having s ix  r i b s  i n -  
s tead  of nine. These  findings indicate that  differences in r i b  height a s  g rea t  a s  0, 010 
inch can be to le ra ted  i n  the rib-welding operation, and a l so  show that  tapered-height  
channels can  be fabricated by  this  process .  
TESTING AND EVALUATION O F  PANEL SPECIMENS 
- 
The six-  and nine-r ib  panels fabricated above were  evaluated using a variety of 
nondestructive and destruct ive t e s t  methods. Ultrasonic t e s t  techniques and internal  
hydrostat ic  proff testing were  used  a s  nondestructive methods,  and hydrostat ic  bu r s t  
tes t ing was used  to de te rmine  the ultimate s t rengths of the fabricated panels,  
Nondestructive Test ing 
!" was originally planned to  utilize thermography a s  one method to  evaluate the weld 
134 egr ~t y of the explosively welded panels. However, this  technique was not pursued be - 
, ausc  the resu l t s  obtained in  a para l le l  NASA-sponsored program:;. were  not encouraging 
* t'h-s s t ~ ~ d y ~  panels of a configuration s imi l a r  to those employed h e r e  were  examined 
1,s nc; I l ~ e r n ~ o g r a p h i c  methods,  and i t  was found that use of e i ther  a heat-sensi t ive fluld 
o r  a l l?at-sensitive c rys t a l  could not resolve a r e a s  of poor welding in otherwise welded 
r - d u e l  5 ,  
Ultrasonic Test ing 
-,'!trasonic testing was used  t o  de te rmine  the completeness  of welding in  panels fabr i -  
_; l%ee"  '3y explosive welding. A d i r ec t  t r ansmis s ion  method shown to be sensi t ive enough 
(\ reeo!ve nonwelded a r e a s  a s  smal l  a s  0. 020 inch in  d iameter ,  was employed in this  
mlork, 
- I  "-,&.s method, the panel t o  be t e s t ed  was  held in  an adjustable fixture,  i m m e r s e d  
~n wa:e r, ar d positioned between two ul t rasonic c rys t a l s ,  One of these  c rys t a l s  emi t ted  
<2 51 qna! which pas sed  through the sample and was rece ived  by  the second. The s t rength 
05t're recerved signal s e rved  a s  a d i rec t  m e a s u r e  of the degree  of contact between the 
- t ie?>'  components i n  the panel. A nonwelded a r e a  t ransmi t ted  only a sma l l  signal,  
vihlle one which was welded t r ansmi t ed  m o s t  of the energy  i t  received.  It should be noted 
41-2t ivh-ile this method could be used to differentiate a r e a s  of welds f rom a r e a s  which 
,\Ii. r r  -\o: welded, s ince i t  responds to  changes in acoustic impedance ( i .  e. , gaps) ,  i t  
C P J ' C  no t  be used to m e a s u r e  the s t rength of a weld, s ince no gap would be seen  even in 
weak weld, 
"'lie utility and sensi t ivi ty  of this  method were  de te rmined  with a number of ca l ibra-  
.'TOP ->znePs p repa red  by both explosive welding and gas - p r e s s u r e  bonding. These  cal i -  
';r<~t;oi: samples  were  panels which had e i ther  been fabricated with var ious ly  s ized  inten- 
R 'i' 2eSec'is o r  had defects (holes)  dr i l led  la te ra l ly  into them a f t e r  fabrication. Resul ts  
3 C ~  I C ?  f r om these  calibration panels showed that this  nondestructive t e s t  method could 
ceso;ve nonwelded a r e a s  a s  sma l l  a s  0. 020 inch in  d iameter .  
Several  explosively welded panels were  ul t rasonical ly  tes ted  using this  method. The 
h s t l n g  showed that explosively welded panels of both 304 s ta in less  s teel-Hastel loy X and 
A ' l o y  798-Hastelloy X were  completely welded, a s  no weld defects were  found in any of 
*llc saxs~ples, 
Hydrostatic Proof  Test ing 
:l\rdrosi.atic proof testing was requi red  of the panels fabr ica ted  by explosive welding. 
T h s  lraternal pressur iza t ion  s imulated the conditions under which the components which 
1i.e f i a t  panels represented  operated,  and s o  s e r v e d  a s  a f i r s t  t e s t  of the pract ical  integ-  
r-!y of the panels. Eight panels were  proof tes ted  to s eve ra l  t imes  the requi red  500-psi 
r,ressirre without fai lure  of any of them. 
- - -- 
hiiilursr A ,  h., bolds te~n,  M , and Ryan, M J . ,  "Development of Adkanced Fabrication Iechnlques for Kegeneratively Cooled 
( i r ~ ~ i ~ b ~ ~ i  by  the Gas-Pressure-Bondmg Process", NASA CR-72795, July, 1970 
Both s ix-  and nine-r ib  panels were  tested.  A problem was Initially encountered r n  
sealing the ends of the panels so  that the panels could be pressur ized .  Severa l  rnechanl- 
ca l  methods were  used in effor ts  to adequately sea l  the ends of the specimens,  but w e r e  
not successful  because the ribbed c r o s s  sect ion of the specimens provided insuf f~c~exr t  
bearing a r e a  for  sealing against  the  500-psi p r e s s u r e .  The sealing technique whl clr ulti 
ma te ly  was used  requi red  fusion welding of s tee l  end-closure fittings to both ends of the 
panels.  One fitting on each  specimen se rved  a s  a manifold and allowed fluid to  pass  ~ n t o  
a l l  channels of the specimen. Fusion welding of the end c losu res  proved to be a difficult 
problem because of the thickness  differences in  the shell ,  l i ne r ,  and end fittliigs, C o m -  
plete sealing of each  panel specimen was accomplished only a f te r  repeated efi'orts to 
r epa i r  leaks.  
Each panel specimen was connected to  a hydraulic p r e s s u r e  sys t em ra ted  for 
3000 psi. A dye-penetrant oil, Zyglo-Pentex-Type ZL-2::: was used  a s  the pressur iz ing  
fluid. A dial indicator was used  to m e a s u r e  the outward motion of the l i ne r  midway be-  
tween two r ib s  a s  the  panel was pressur ized .  
In a typical p r e s s u r e  tes t ,  the internal  p r e s s u r e  was  slowly inc reased  in increnrents  
of 100 ps i  until a p r e s s u r e  of 500 ps i  was reached,  and then in  increments  of 250  psi 
until severa l  t imes  the proof-test  p re s su re  was attained. At each  increment  of p r e s s u r e ,  
the specimen was visual ly  examined using an ultraviolet light for  evidence of the pene- 
t r a n t  oil ,  which would indicate fai lure  of the specimen.  The deflection of the l iner  was  
a lso  noted a t  each  interval  of p r e s s u r e .  
All of the panels were  p r e s s u r i z e d  to  1500 ps i  ( three t imes  the requi red  proof-test  
p r e s s u r e  of 500 p s i )  without fai lure  o r  permanent  deformation of the  components,  The 
t e s t  resu l t s  indicate tha t  the panels produced by  explosive welding a r e  sound, stroxlg, 
and have high integrity.  
Destructive Burs t  Test ing 
The pressur iza t ion  of the panels descr ibed  above was continued, and seve ra l  s ix-  
and nine-r ib  panels we r e  tes ted  to destruct ion using hydrostat ic  bu r s t  testing, By this 
means ,  the qualitative s t rengths of the  welds produced by the explosive-welding process  
were  determined. The panels were  p re s su r i zed  until fa i lure  occurred .  
The lowest  p r e s s u r e  a t  which a panel fai led was 1750 ps i ,  and three  o thers  failed at 
p r e s s u r e s  between 2250 and 2750 psi. Four  of the panels were  tes ted  to 3000 psi  without 
failure.  Two of these  panels w e r e  fur ther  p re s su r i zed  to fai lure .  One of them. failed at 
5100 psi ,  and the o ther  reached  a p r e s s u r e  of 5400 ps i  before fai lure .  
Each of the  fa i lures  was d i rec t ly  o r  indirect ly  connected with the end-closure welds,  
Severa l  of the fai lures  occu r red  in these end c losures ,  while the o the r  fa i lures  were  
initiated in  the r ib- to-shel l  weld a t  the heat-affected zone f rom the fusion-welding 
operation. The s t r e s s  s ta te  during hydrostat ic  loading then caused the deflection of the 
r ib  and l i n e r  and the fai lure  propageated through the lower ductility bond zone a s  a 
c rack .  
*Trade name for product manufactured by the Magnaflux Corporation. 
:\/Teasurement of the l i ne r  deflection during test ing showed deflections of 0. 001 t o  
0, 002 lnch for  p r e s s u r e s  of 3000 psi. These  deflections were  r ecove red  on dep res su r i -  
zation, indicating that  the design kept the l i n e r s  in the e las t ic  reg ime a t  th i s  high 
ores sure, 
The Eicer deflections for  the two specimens tested to above 5000 ps i  showed that 
the 1,ne- r~  had plastically deformed about 0. 002 t o  0. 003 inch in mos t  a r e a s .  Some 
reglons next to the welded end c losure  were  found t o  have deflected m o r e  than 0; 010 inch. 
However, this i s  not a problem for  the operating p r e s s u r e s  that a r e  present ly requi red  
to r  rocket engines.  This  l a t t e r  resu l t  indicates that the hea t  generated by fusion welding 
c a n  have an adve r se  effect. 
SUMMARY O F  RESULTS 
All 01 the ma te r i a l s  combinations of i n t e r e s t  could be welded explosively using 
powdered-cynamite explosive loaded t o  thicknesses  of 9 /  16 inch to 1 - 5 /  16 inch, depend- 
ing o n  the part icular  combination. The  standoff gaps r equ i r ed  w e r e  112 to  1 t i m e s  the 
thlckries s of the cladder  plate-support  plate thickness.  
A.11 of the m a t e r i a l s  except TD Nickel were  work  hardened  considerably by the 
explo:;ive-welding operation. The  work-hardened regions extended fo r  about 0. 03 0 inch 
011 e i ther  side of the weld interface.  
The welds evaluated i n  tensi le  shea r  t e s t s  w e r e  i n  a l l  c a s e s  a t  l e a s t  equal i n  
s t rength  t o  the parent  plates ,  and in s eve ra l  c a s e s  they  were  s t ronger .  
Ductility of the welds was determined by  bend t e s t s ,  and i t  was found that  the welds 
a-nade with aged Alloy 7 18 exhibited considerably reduced ductil i ty a t  the weld zone. 
9 
On the bas is  of a l imi ted  number of exper iments ,  i t  does not appear  feasible  to ex-  
plosively weld panel components which have been p l a sma  sp rayed  with a c e r a m i c  coating 
witbout damaging the coatings. 
In welding ribbed components, it was found n e c e s s a r y  to  i nc rease  the flat-plate 
welding pa rame te r s  in  o r d e r  to produce sound welding ove r  the full a r e a  of the r ibs .  As 
an example, in welding f la t  plates of 304 s ta in less  s t ee l  to  i tself ,  welding p a r a m e t e r s  
a$: 1 16 16 inch of explosive and 0.06 0-inch standoff w e r e  used, whereas  i n  welding s ta in-  
Less s tee l  r i b s  to  a s imi l a r  shel l ,  p a r a m e t e r s  of 314 inch of explosive and 0.06 8-inch 
standolfs were  required.  
Removal of the mi ld-s tee l  tooling f r o m  panels having TD Nickel l i n e r s  presented  
serious chemical-compatibili ty problems which w e r e  not solved in  this  task.  
Variations in  height of the r i b s  of *O. 005 inch do not affect the s t rength of the welds 
prodticed using fabrication methods identical to those  used  f o r  panels with m o r e  careful ly  
ccantroiled rib heights.  
Panel specimens containing channels which a r e  longitudinally t ape red  in  height f r o m  
one end to  the o ther  can be fabricated explosively, but the standoff gap m u s t  be t ape red  
accordingly. 
Explosively fabricated panel specimens can  withstand internal  p r e s s u r e s  of ar. 
l e a s t  s eve ra l  t imes  the 500-psi maximum ope ra t ing-pressure  level  anticipated for c u r  - 
rent  th rus t -chamber  designs. The lowest  p r e s s u r e  a t  which fai lure  o c c u r r e d  was 
1750 ps i ,  while two panels w e r e  p re s su r i zed  to ove r  5000 ps i  before fai lure .  In each  
case ,  the fai lure  occu r red  in o r  nea r  the fusion-welded end c losures ,  which iqdicates 
that hea t  f rom fusion welding can adverse ly  affect the behavior of the explosive welds .  
TASK 11. FABRICATION O F  CYLINDRICAL SPOOLPIECES 
OBJECTIVE, APPROACH, AND COMPONENTS 
The objective of Task  II was to fabricate  two cyl indrical  spoolpleces having the 
c ' e s~_~i l  specified in NASA-Lewis Drawing No. CD621169, Amendment A .  F igure  17 is  a 
c3 i fawa)  sketch of the spoolpiece showing the various chamber  components and the i r  lo-  
c . On the bas i s  of the r e su l t s  of Task  I, the two spoolpieces were  rnade f r o m  the 
-5lna"l-oui of ma te r i a l s  tabulated below. 
Spoolpiece Spoolpiece Mater ia l s  
Component Chamber  1 Chamber 2 
Shell and plenum 3 04 SS Alloy 718 (age hardened)  
Ribs 3 04 SS Alloy 7 18 (solution t r e a t e d )  
L ine r  Wastelloy X Hastel loy X 
End cover  Wastelloy X Rastel loy X 
Fabricat ion of each  prototype spoolpiece involved t h r e e  different explosive-welding 
3perz.tions and four s epa ra t e  explosive welding s t eps .  The ini t ia l  p a r t  of th i s  t a s k  was 
concerned w ~ t h  developing the technology to  successful ly  accomplish these  welding ope ra -  
tions, This technology was applied in  fabricat ing the two cyl indrical  spoolpieces during 
the la st pa r t  of this  task .  
PRELIMINARY WELDING DEVELOPMENT 
The cylindrical design of the spoolpiece r equ i r e s  that the she l l ,  r i b ,  and l iner  
components be assembled  and explosively welded in a c i r cu l a r  configuration. The pu r -  
pose of these pre l iminary  experiments  was t o  modify and extend the technology used to  
labricate Elat panels in Task  I and apply i t  to  the c i r c u l a r  geometry  of the spoolpiece. 
These deveZopment effor ts  were  concentrated on the t h r e e  explosive-welding operat ions 
~nvolvxng 1-13-to-shell, l iner - to- r ib ,  and end cover- to-plenum joints. The welding 
e ~ n e r r m e n t s  were  designed t o  s imulate  a s  c losely a s  possible the conditions expected 
ln Sab~-icatirlg the spoolpieces.  
Rib-to-Shell Welding Exper iments  
'The m o s t  successfu l  and feasible  technique used in fabricating flat  panels during 
Task I involved acce lera t ing  and welding r ib s  and tooling to  the shel l  a s  a single unit. 
" f ~ i s  procedure was used in the present  exper iments  in welding curved segments  of r i b s  
and tooling .lo a curved shel l .  In mos t  of the  exper iments ,  304 SS r i b  and shel l  compo- 
nents were welded, but Alloy 718 components w e r e  welded in some  l a t e r  exper iments .  

Prepa ra t ion  of Components 
-- 
In tk.ese experiments  the spoolpiece shel l  component was s imulated by a cylinder 
supported by an external ,  one-piece die. The simulated shel l  e i ther  was rnachined froin 
304 SS seamles s  pipe o r  fabricated f r o m  Alloy 718 sheet  which was rol led and fusion 
se?zr.r? welded. The shel ls  were  nominally 3/16 inch thick and fit snugly inside a 4140 
steel forging, measur ing  10 inches in ID by 16 inches in OD by 9 inches high. The s i ze  
of tple ssrnulated shel ls  c losely approximated that of the spoolpiece shel l .  The a r r a n g e -  
ment  also permit ted periodic replacement  of a shel l .  
Ribs were  machined f r o m  nominal 0. 04-inch-thick sheet  and finished by grinding 
2 i c ~ - ~  t o  1/8 inch high by  12 inches long. Support tooling for the r lb s  was fabricated 
fro.-. ' .ot-rolled s tee l  pipe. Each  tooling cylinder was machined to  1 2  inches long with a 
+otai wall t h ~ c k n e s s  of 3/16 inch. The outside d iameter  was var ied  somewhat f rom one 
cy l  nder to  another t o  maintain a nominal 3 / 16 -inch gap between the outside cylinder s u r  - 
i a c c  and the inside sur face  of the shel l .  Each  cylinder was slotted on i t s  outside s u r -  
lace  ~11th approximately 102 equally spaced grooves oriented para l le l  t o  the cylinder 
ax.ui5. The grooves were  machined just deep and wide enough to  hold the r ib s  f i rmly  in 
r>:ace, with the r i b  sur faces  extending out of the grooves about 0. 010 inch. Four  tooling 
yl lqders  were  made;  two or' these  were  sectioned into four 90-degree segments  fo r  use  
n separate experiments .  The remaining two were  left integral .  
Assembiv and Welding P rocedures  
Six experiments  were  conducted using 90-degree segments  of 304 SS r ib s  and 
104 SS shells. Three  segments  were  welded to  each  shel l  in separa te  exper iments .  
These experiments  were  designed t o  ver i fy  p a r a m e t e r s  for  welding r ib s  t o  the shel l .  
1.1 .;e!,tinq I;]., each  experiment ,  r i b s  were  fi t ted in the s lots  of the tooling sement  and this  
- -c n5?y was positioned with a constant gap between the r ib s  and shel l .  A Zerolite::: 
c C I ~ ? _ C ~  mandre l  was machined to  fo rm an  annulus behind the tooling segment  and to  fi l l  
" I  E -eri?aining volume within the shell .  F igure  18 shows the component a r r angemen t  a t  
.1 s stage of assembly .  The center  mandre l ,  like the tooling segment ,  extended about 
2: -rc71es above and 1 inch below the shel l .  The annulus between the tooling segment  and 
3 \',q , \a ;  ioaded with Tro jan  SWP-1 explosive to  a densi ty  of 16 g / in .  . The explosive 
'za-ge was detonated around i t s  upper  sur face  by a line-wave detonation a r r angemen t  
si-ing of an a r c  segment  of plast ic-sheet  explosive and a detonator positioned a t  the 
7 v 7 r x  or t h e  a r c  which was located a t  the center l ine of the Zerol i te  center  mandre l .  
Two additional experiments  were  conducted l a t e r  using complete (36 0-desgree)  seg  - 
inents oS ribs and tooling. In one of these  the r ibs  and shel l  were  304 SS, and in the 
othex Alloy 718 r ib s  were  welded to  an Alloy 718 shel l .  After  the r ibs  were  fi t ted into 
$lie tooling-cylinder grooves,  the cylinder was positioned concentr ic  with r e spec t  to  the  
shell, forming an  annular  standoff gap between them. A solid center  rnandrel of Zero l i te  
was machined and positioned inside the tooling cyl inder ,  forming another  annular  gap in 
which the explosive charge was loaded. A c i r cu l a r  line-wave detonation a r rangement ,  
rnaide from a d;sk of plast ic-sheet  explosive and a detonator located in the center  of the 
dask, was used t o  simultaneously detonate the annular explosive charge  over ~ t s  top 
surface 
"A Low -density, pressed insulating material. 
FIGURE 18. PARTIALLY ASSEMBLED S E T U P  FOR EXPLOSIVELY WELDING A 
90-DEGREE RIB-TOOLING SEGMENT TO A SIMULATED SHELL 
The segment of ribs and tooling and the Zerolite center mandrel. have 
been pulled f rom the shell to show these components more  clearly, 
':va ~ila/ioul an2 Discussion of Resul ts  
-"-- 
Detail.~ of the eight-rib shel l  welding experiments  a r e  summar ized  in Table 6.  
,- le ~ I T S ~  t h r ee  experiments  were  conducted in sequence before the simulated shel l  
~ J a s  rUmovec; f rom i t s  support  die and the welded segments  evaluated. F igure  19 shows 
* o n  a s - v e ' d e d  segment  f r o m  the f i r s t  experiment .  Samples  were  cut f r o m  seve ra l  loca-  
mc: # -  (ai17 segment  and the s t ee l  tooling removed by acid leaching. The resulting r i b -  
2;'-cll ;~ri7c%nres were  peel tes ted  to  de te rmine  weld quality. These  t e s t s  indicated poor 
o r rr ,arc/~nal welds in a l l  a r e a s  of the three  segments .  It appeared that the con~bina t ions  
F + ; - * . ~ ~ C J ~ - F  gap and explosive 'oadings used in these  experiments  did not produce collision 
(>. - y . 3  . sufficient to  produce good welds.  
-%e next t h ree ,  essent ial ly  identical,  experiments  (Experiments  4 ,  5 ,  and 6 in 
'ab'r J were  conducted in  which l a r g e r  standoff gaps and explosive loadings were  used.  
" -1 1 
-3 segrvients were  not evaluated until a f te r  Hastelloy X l i ne r s  were  welded to  them, 
as w l ' i  be descr ibed  l a t e r .  Samples  f rom different a r e a s  of the th ree  segments  were  
then removed and the i r  s t ee l  tooling removed by acid leaching. Metallography and peel 
t e s t s  wese .used t o  a s s e s s  weld quality in these  samples .  The r ib- to-shel l  welds f r o m  
these samples  exhibited improved res i s tance  to  peeling over  those of the previous s e r i e s  
of experiments .  Good welds extended to  within 0. 5 to  1. 0 inches of the segment  top 
edges and to within 0. 5 inch of the segment  bottom edges. F igure  20 shows typical 
transverse and longitudinal views of a r ib-shel l  weld interface in a sample  f r o m  Exper i -  
ment 6, The weld interfaces in these  samples  (longitudinal view) were  fo r  the mos t  pa r t  
stra-ght, although some contained periodic regions of a ripple pat tern indicative of a 
good weld, 
Exper iments  7 and 8 were  conducted using integral ,  360-degree segments  of r ibs  
and tooling. The purpose of these  experiments  was to ver ify the resu l t s  of the previous 
experlrnents in which 90-degree segments  were  welded. Rib and shel l  components were  
3G4 SS in Experiment  7 and Alloy 718 in Experiment  8.  
Ring sections were  cut f r o m  both ends of each  segment ,  again a f t e r  the Hastelloy X 
l iners  wese welded to  them. After  removing the steel-channel tooling, these sections 
were evakaated by metallography and peel t e s t s .  Good r ib- to-shel l  welds were  found in 
airnost all in te r ior  locations in these segments .  Areas  of poor weld which extended 
1 / 2  to i inch f r o m  the top o r  detonation end of the shel ls  and 314 inch f r o m  the bottom 
end were found in both segments .  This  weld distribution, a s  well a s  the s t rength of the 
welds and the i r  interface appearance,  was v e r y  much like those of the previous s e r i e s  of 
three experiments .  
Liner  -to-Rib Welding: E x ~ e r i m e n t s  
I-?- was found n e c e s s a r y  t o  support the thin Hastelloy X l i ne r s  in fabricating the f ia t  
oaneis 1.n Task  I.  This  was accomplished by laminating the l iner  with s tee l  sheet  and 
accelerating this  combination a s  a unit when welding the l iner  to the panel r ibs .  This  
"echnlque was used in the present  experiments  involving c i r cu l a r  components.  
TABLE 6. SUMMARY O F  PRELIMINARY RIB -TO-SHELL AND LINER-TO-RIB 
WELDING EXPERIMENTS 
Explosive -Welding P a r a m e t e r s  
Explosive 
Nominal 
Segment Nominal Charge 
Size, Chamber -Component Mater ia l s  Standoff ~ h i c k n e s s  
Exper iment  Segment deg Shell  ~ i b ( ~ )  ~ i n e r ( ~ )  Gap, in. ~ ~ ~ e ( ~ )  in. 
Rib-to-Shell Exweriments 
90 304SS 
90 304SS 
90 304 SS 
90 304SS 
90  304SS 
90 304SS  
360 304 SS 
360 Alloy 7 1 8 ( ~ )  
304 SS 
3 04 SS 
3 04 SS 
304 SS 
3 04 SS 
304 SS 
304 SS 
Alloy 718(f) 
L ine r  -to-Rib Exper iments  
1 4 90 - - 3 04 SS Hastel loy X 1/16 SWP-1 7/16 
2 5 9 0 - - 304 SS Hastel loy X 1/16 SWP-1 7/16 
3 6 9 0 - - 304 SS Hastel loy X 1/16 SWP-1 7/16 
4 7 360 - - 304 SS Hastel loy X 1/16 SWP-1 7/ 16 
5 8 360 - - Alloy 7 1 8 ( ~ )  Hastel loy X 1/16 SWP-1 7/16 
(a)  Ribs and tooling fixture were accelerated in the rib-shell welding experiments; the tooling fixture \\.as 3/16 inch thick. 
(b) Liner and steel composite, 0.082 inch thick, was accelerated in liner-rib welding experiments. 
(c) Both TlOC and SWP-1 have equivalent properties". 
(d)  ?71e ellarge rhickness actilatly is the width of the annular gap and i s  given to the nearest  1/32 inch. 
(el Age hardened.  
j f j  Solution treated. 
FIGURE 19. NINETY-DEGREE S E G M E N T  O F  RIBS A N D  TOOLING E X P L O S I V E L Y  
W E L D E D  T O  A S I M U L A T E D  THRUST-CHAMBER S H E L L  USING S E T U P  
SHOWN LN F I G U R E  18 
8D466 
a. T r a n s v e r s e  View 
1 OOX 8D46 8 
b. Longitudinal View 
304 SS rib 
304 SS she l l  
304 SS rib 
304 SS she l l  
FIGURE 20. EXPLOSIVE WELD PRODUCED BETWEEN 
A RIB AND SLMULATED SHELL 
i3re,>aration of Components 
"- 
Frve previously welded r ib  and tooling segments  (Segments 4,  5 ,  6 ,  7, and 8 in 
"2b.e 61 were used in these  l iner - to- r ib  welding exper iments .  In prepar ing  these  s e z -  
r ~ ~ e r , t s  for welding Hastelloy X l i ne r s  to t he i r  r i b s ,  1 / 1 6  inch of s t ee l  tooling was 
nlai'r,i:~ed away to expose the back sur faces  of the r ib s .  This  machined sur face  then was 
t rea ted  with a solution of water  and n i t r i c  acid to reduce the height of the s t ee l  tooling 
0 005 to  0. C I inch below the r ib  su r f aces .  Sheets of 0 .  02-inch-thick Hastelloy and 
. / ?6 - inch  s tee l  were  laminated, rolled into cylinders with Hastelloy on the outside, and 
fusion seam welded. The curva ture  of the cyl inders  was made  to  match  that  of the 
inachined r ~ b  sur faces .  These  laminated cyl inders  were  e i ther  cut into 90-degree seg -  
ments o r  left integral .  
As senlbly and Welding of Components 
-- 
- 3  Ine $0- and 360-degree Hastel loy-steel  laminates  were  assembled  for  welding t o  
tne r ib- to~king  segments  in  much the s a m e  manner  a s  were  the rib-tooling segments  fo r  
~veidnng them to the simulated shel ls .  Shims were  used to maintain the des i r ed  l i ne r - r ib  
s t andof l  gaps. Zerol i te  center  mandre ls  machined to  f o r m  annuli fo r  the explosive 
c 5ar:es w h ~ c h  were  initiated using the s a m e  line-wave schemes  descr ibed  fo r  the e a r l i e r  
n-s  r*e?l experiments .  
Zvaluation and Discussion of Resul ts  
- 
Details of five l iner  - to-r ib  welding exper iments  conducted a r e  summar ized  in 
'I',b!c: 6, 
The f i r s t  t h r ee  experiments  were  essent ial ly  identical in that the s a m e  pa rame te r s  
were !used to weld Hastelloy l i ne r s  to  Segments 4,  5,  and 6 .  The l iner - to- r ib  welds 
froin several samples  of each  segment  were  evaluated by peel  t e s t s  and metal lographic 
examination a f te r  the steel-channel tooling had been removed by acid leaching. Good 
welds were found in a l l  of the samples  evaluated. Welding extended up t o  within 1 /8  inch 
of the top and bottom edges of the segments .  The l iner- to-r ib  weld s t rength everywhere 
exceeded the s t rength of the Hastelloy, which always failed f i r s t  during peel testing. 
F i g ~ r e  21  shows the l iner - r ib  interface f r o m  a typical a r e a  in the second experiment .  
The rippled interface in the longitudinal view i s  one charac te r i s t ic  of a good weld, and 
this feature was noted in a l l  the samples .  
Experiments  4 and 5 involved 360-degree components with 304 SS and Alloy 718 
ribs, respectively. All other aspec ts  of these  experiments  were  the s a m e  a s  those of 
the first three. No evidence of poor o r  margina l  l iner - to- r ib  welds was  found i n  any 
a r e a s  of the two welded segments .  The peeling behavior and metal lographic appearance 
o f  these weids were  not different f r o m  those of the previous 90-degree segments .  F ig -  
-Ire 2 2  shows pa r t  of the s ta in less  s teel /Hastel loy X 360-degree segment  whose l iner  
was welded in the fourth experiment .  Other par t s  of this  segment  were  destroyed in 
evaluatlng the r ib- to-shel l  and l iner  - to-r ib  welds. The Alloy 7 1 8/Hastel loy X segment  
from Experiment  5 was identical in appearance and was l a t e r  proof tes ted  and forwarded 
:o NASA-Lewis in place of the Alloy 718/Hastelloy X spoolpiece which failed during the 
"7 r s t  exnlosive -welding operation. 
8D 5 76 
a. Transverse  View 
Hastelloy X 
l iner 
304 SS r ib  
1 OOX 8D573 
b. Longitudinal View 
FIGURE 2 1. EXPLOSIVELY WELDED INTERFACE BETWEEN 
LINER AND RIB IN CYLINDRICAL SPECIMEN 
FIGURE 2 2 ,  SECTION O F  36 0-DEGREE SEGMENT O F  304 SS RIBS AND 
HASTELLOY X LINER EXPLOSIVELY WELDED TO A SIMU- 
SIMULATED 304 SS SHELL 
The ent i re  segment h a s  been removed f rom the support die 
and the s tee l  channel tooling leached out. 
End Cover- to-Plenum Welding E x ~ e r i m e n t s  
The third and final explosive welding operation requi red  for  fabricating the 
cylindrical spoolpiece involves joining end covers  t o  the plenum sections a t  both ends OS 
each chamber .  In th i s  welding operation, the end cover  should not only weld to  thc 
plenum sur face ,  but to  the na r row end sur faces  of the l iner  and r ib s  a s  well ,  Tb:s i s  
n e c e s s a r y  to  f o r m  a leaktight sys t em for  the cooling fluid to  be circulated through the 
spoolpiece. The technique envisioned fo r  welding an end cover  to the thrus t  chamber is 
i l lustrated in F igure  23. The c i r cu l a r  d i sk  of Hastelloy X sheet  i s  to  be welded to  Slae 
plenum sur face  which has  been machined to  the requi red  channel configuraticn, A 
center l ine detonation scheme in su res  that welding will be accomplished in a syrnrnetricai 
fashion f rom the inside to the outside of the plenum sur face .  In welding the ciid cove r  zn 
this  manne r ,  the collision region will pass  over  s eve ra l  junctions separat ing i11e Zrner, 
r i b s ,  tooling, and plenum components. It  i s  known that  such  junctions can  d is rupt  weld- 
ing fo r  some  dis tance downstream f r o m  the junctions. 
These  pre l iminary  experiments  were  designed to  duplicate the conditions expected 
in welding end covers  t o  the spoolpieces.  The experiments  were  conducted to  esta,blisb 
pa rame te r s  o r  conditions for  welding the end cover  to  the seve ra l  chamber  comporients 
on the plenum sur face .  It  was a l so  of in te res t  t o  de te rmine  the effects of j ~ c c t i o a s  en 
welding. 
F l a t  components of Hastelloy X and 304 SS were  used in these  exper iments .  The 
31 16-inch Hastelloy X represented  the end cover ,  while 112-inch 3 04 SS represented  
the plenum section of the chamber.  The plenum component was machined to  accornmo- 
date 0. 020-inch-wide Hastelloy X s t r i p  and mild-steel  i n se r t s ,  which represented  the 
l iner  and tooling, respectively. The l iner  and tooling pieces were  oriented w-ith respect  
to the welding direct ion a s  they would be in welding the end covers  to  the th rus t  cbazx- 
b e r s .  Three  se t s  of components were  prepared  fo r  t h ree  experiments .  
A s s e m b l ~  and Welding P rocedures  
Components fo r  a l l  th ree  end-cover-weld-simulation exper iments  were  as sembleti 
and welded in much the s a m e  manner .  The Hastel loy X and mild-steel  i n se r t s  were  
positioned in the composite base  plate represent ing the plenum (Figure  24).  H[askelioy 
sheet  was supported above and para l le l  with the composite base.  A layer  of Trojan 
SWP-1 granular  explosive was placed on top of the Hastelloy. The charge w a s  initiated 
f rom one end s o  that  welding proceeded in a direct ion no rma l  to  the 0. 020-inch-wide 
Hastelloy s t r i p  in the composite base.  In the f i r s t  experiment  the tooling and plenum 
sur faces  of the base  were  not covered.  In the second experiment ,  a 0. 020-inch prece 01 
Hastelloy was attached to  the internal-support-die  sur face  immediately ups t r eam from 
the Hastelloy s t r ip .  This  procedure was repeated in the th i rd  experiment ,  and  the rnrld- 
s tee l  tooling sur faces  a l so  were  covered with 304 SS foil. 
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F I G U R E  2 3 .  S E T U P  F O R  W E L D I N G  E N D  C O V E R  P L A T E S  T O  
S P O O L P I E C E  P L E N U M  S U R F A C E S  
Plenum suirfaee 
FIGURE 24. COMPOSITE BASE PLATE USED IN SIMULATED 
END-COVER -WELDING EXPERIMENTS 
Evaluation and Discussion of Resul ts  
The specimens f r o m  the th ree  welding exper iments  were  sectioned along their 
length, and samples  f r o m  each  were  peel tes ted  and metal lographical ly  examined. 
A 3116-inch standoff gap between the Hastelloy and the composite base  and a 
518-inch-thick l aye r  of explosive were  used in the f i r s t  experiment .  Good welds were  
produced between Hastelloy X and 304 SS in  mos t  a r e a s .  Exceptions were  regions im- 
mediately downstream f r o m  junctions separat ing the s t ee l  tooling and the Hastel toy X 
l iner  f r o m  the 304 SS plenum. Poor  o r  marg ina l  welds extended 1 / 4  to  3 /  16 inch from 
these  junctions. The Hastelloy cover  did not  weld to  the Hastelloy l iner .  
A second experiment  was conducted using the s a m e  welding pa rame te r s .  The 
s t r i p  of Hastelloy positioned on the internal-support-die sur face  ups t ream f rom the 
Hastelloy l iner  did not  help in welding the end cover  to  th i s  n a r r o w  l ine r .  The s a m e  
distribution of Hastelloy X t o  304 SS welds was noted in  this  specimen a s  f c s  the previous 
specimen,  with nonwelded a r e a s  located on the downstream side of a l l  junctions. 
The th i rd  and l a s t  experiment  was conducted using a 3/16-inch standoff g a p  and 
a 1/2-inch layer  of explosive. This  t ime the s t ee l  tooling sur faces  were  covered wrth 
304 SS foil  and a s t r i p  of Hastel loy X again was positioned ups t r eam f r o m  the na.rrovv 
Hastelloy X s t r i p  represent ing the l iner .  This  procedure did not e l iminate  the d i s  r c p t i n g  
c b ' f e ~ t  of tile junctions, but prevented ma te r i a l  f r o m  the tooling sur faces  f r o m  being 
cd r r i ed  ~ n t o  the Hastelloy X-304 SS interface.  Once again the Hastelloy X end cover  and 
liner did n o t  weld. Except for  the junction effects which were  l e s s  than in the previous 
exper~rne; i ts ,  good welds were  produced between the Hastelloy X cover  and the 304 SS 
plencrn. 
The resu l t s  of these  experiments  indicate that the welding pa rame te r s  used should 
be adequate for  welding 3116-inch Hastelloy X end covers  to the plenum sect ions of the 
spocl1)leces. The presence  of junctions on the plenum sur face  will affect welding for  
sonw dzstance downstream. This  contamination can be prevented by cladding the s teel  
tool ing sur faces  with 304 SS foil p r io r  to welding. 
The re  is l i t t le possibili ty that the 3 / 16 -inch Hastelloy X end covers  will weld to 
t h e  caci sur faces  of the Hastel loy X l iner .  I t  was concluded that i t  may  be advantageous 
to corisider welding the end covers  p r io r  to  welding the l i ne r ,  a s  t he re  i s  a much be t te r  
hance that the thin l iner  would weld to  the end cover  in th i s  situation. If the end cover -  
l 1 1 7 r r  joint could be successful ly  made in the spoolpieces by explosive-welding means ,  
2 "  v~oulcl h e  possible to fusion weld i t  l a t e r  t o  make  this  a leaktlght joint. 
SPOOLPIECE FABRICATION 
The technology developed for  the th ree  explosive-welding operations was applied in 
the fabricai."in of two cyl indrical  spoolpieces.  The sections which follow descr ibe  the 
step-by -s tep processing of these  spoolpieces which have been designated a s  1 and 2. It 
will. Xsecorme evident tha t  different approaches were  used in fabricat ing the spoolpieces . 
The  a2proach used for  Spoolpiece 1 was selected f o r  convenience and to  el iminate  s eve ra l  
processing s teps  without affecting the explosive-welding operat ions.  The s a m e  approach 
w a s  not cors idered  for  Spoolpiece 2 because of the thin wall thickness  and the age-  
Ilariiened condition specified fo r  the Alloy 218 shel l  component. Another factor  was the 
prohibitive cos t  of procuring a heavy-wall Alloy 718 forging. Spoolpiece 1 was fabricated 
as  original:y planned with a few exceptions, but problems encountered e a r l y  in the fab- 
ricateoil sequence prevented Spoolpiece 2 f r o m  being completed. A sample  f r o m  a p r e -  
vious 360-degree-segment experiment  was evaluated in i t s  place. 
Saoolaiece 1 - Tvae 304 SS 
Tabrication of Shell and Plenum 
For convenience, the shel l  and plenum sections of Spoolpiece 1 were  c a r r i e d  
through the fabrication sequence a s  an integral  unit, a thick-wall 304 SS forging. This  
appraach was used in l ieu of fabricating the shel l  and plenum components separa te ly  and 
then joining them. This  forging, which measu red  18 inches in  OD by 10 .5  inches in ID 
by 15 inches high, in  addition t o  being the body of the spoolpiece, a l so  se rved  t o  contain 
the z~cplosive forces  of welding r ib s ,  l i ne r ,  and end covers  t o  the spoolpiece. The 
f o r g r r g  itself was supported by an  external  4340 s tee l  forging measur ing  26 inches in 
013, ;6 inches in ID, and 17 inches high. After machining both forgings to c r ea t e  an 
~ n t e r i e s e a c e  fit ,  the l a r g e r  4340 forging was expanded by heating and shrunk-f i t  onto 
f he 304 SS forging. 
Welding of Ribs to  Shell 
The inside sur face  of the 304 SS shell  was machined to a d i ame te r  of 10 .  99: rnckres 
for  the rib-welding step. A tooling cyl inder  was machined f r o m  hot-rol l  s eamles s  s tee l  
pipe to nominal dimensions of 10. 6 16 inches in OD by 10. 241 inches in ID by 18 l ~ l c i ~ e s  
high. The cylinder was slotted on i t s  outside sur face  with 120 equally spaced grooves 
or iented para l le l  with the cylinder ax is .  The grooves were  machined to hold 3 0 4  SS ribs, 
nominally 0. 04 by 0. 125 by 18 inches,  f i rmly  in place s o  that  the r ibs  extended out frorrl 
the tooling sur face  about 0. 01 inch. 
The r ibs  were  fitted into the tooling-cylinder grooves and this  assembly  pos~t ioned  
inside of and concentr ic  with the shel l  forging, creat ing a nominal 3116-inch standoff gap 
between the r ib s  and shel l .  The cylinder and r ib s  extended 2 inches above and I inch 
below the shel l  forging. A solid center  mandre l  of Zero l i te  was machined c?nd s l n ~ i l a r i y  
positioned inside of, and concentr ic  with, the tooling cyl inder ,  creat ing a nominal 
23132-inch annular gap between the two which was filled with SWP-1 granular  exphoskve 
This  explosive loading had produced sat isfactory r ib-shel l  welds in s eve ra l  p re l iminary  
experiments .  The s a m e  c i r cu l a r  line-wave detonation scheme descr ibed  in the e a r l i e r  
experiments  was used t o  detonate the annular explosive charge simultaneously eve r  i t s  
en t i re  top surface.  F igure  25 shows Spoolpiece 1 a t  th i s  point a s  it was se t  up fcr tbrs 
rib-to-welding step. 
Once the r ib s  had been welded t o  the shel l ,  it was n e c e s s a r y  to  cut the external  
4340 s tee l  forging away f r o m  the 304 SS shel l  forging to  p repa re  i t  for  fur ther  process ing .  
F r o m  this  point on, this  s t ee l  forging was used a s  a split  die ,  with high-strength s teel  
bolts being used to  hold i t s  180-degree halves together .  
Welding of End Covers  to P lenum 
I t  was decided that the Hastel loy end covers  should be  welded t o  the spoolpiece 
plenum sect ions before the thin Hastel loy l i ne r  was welded t o  the r ib s .  This  decision. was 
based  on the inability t o  weld the relatively thick end cover  t o  the n a r r o w  end sur face  of 
the l iner  in  the pre l iminary  experiments .  The possibili ty of welding the 0. 02-lnch-thick 
l iner  t o  thk inside surface of the 3116-inch-thick end cover  i s  considered much better. 
In the event that  good l iner-end cover  welds were  not  obtained when welding the l iner  to 
the r i b s ,  the l iner  and end-cover components would be in a be t te r  position for fusion 
welding if the end covers  were  a l ready  welded t o  the plenum. 
The 304 SS shel l  forging with the r ib s  and tooling welded to  i t s  inside surface was 
machined t o  p repa re  i t  f o r  the end-cover welding operations.  F i r s t ,  the back o r  inside 
sur face  of the s t ee l  tooling cylinder was machined, just  enough ma te r i a l  being taken off 
t o  make this  sur face  concentr ic .  A 1-inch-high r ing section was cut f r o m  one end of the 
shell  forging and the s t ee l  tooling leached away. P e e l  t e s t s  were  made  on this  r ing to 
de te rmine  the r ib-she l l  weld integrity a t  th i s  axial  position along the shel l  length. The 
welds were  found to  be sat isfactory s o  this  plane was establ ished a s  one pieniixm sur face  
fo r  the chamber .  The channel configuration specified in  NASA-Lewis Drawing 
No. CD62119, Amendment A, was then machined in th i s  plenum sur face .  F ~ g u r e  26 s i~ows  
Spoolpiece 1 a t  this  s tage of processing.  
The next  s tep  in  prepar ing  fo r  the end-cover welding s tep  was to  fabricate  the 
s tee l  support tooling for  the plenum channels.  The e a r l i e r  development s tudies  had 
FIGURE 25. SPOOLPIECE 1 SETUP:  FOR WELDING RIBS TO SHELL FORGING 
Seen a r e  the r ib  and tooling segment, the line-wave detonator for 
detonating the explosive charge, and the external support die. 
FICTJRE 26, PARTULLY COMPLETED SPOOLPIECE 1 
At this point the ribs and tooling had been welded in place and 
the channel configuration machined into one of the p l e m m  end surfaces, 
- + ~ d l c a r e d  the need for  cladding the tooling sur faces  with s ta in less  s tee l  to prevent s t ee l  
'ron-i being swept into adjacent end cover-to-plenum welds downstream. A 20 by 20 by 
1 .  5-inch-thick plate of mild s tee l  was explosively clad with 0. 010-inch-thick 304 SS. 
The tooling pieces requi red  to fi l l  the plenum channels were  machined f r o m  this  clad 
In assembling the var ious  components f o r  the end-cover welding s tep,  the .arrange-  
ment shown e a r l i e r  in F igure  23 was used. A 4340 s tee l  cylinder was machined t o  fi t  
1:lside the machined sur face  of the shel l  forging. The split  die  used a s  an in tegra l  die  
LTI the ea r l r e r  rib-welding s tep  was machined and bolted around the outside of the shel l  
"-gag. These inside and outside dies  gave support  to  the edges of the spoolpiece plenum 
cl:iriiig welding of the end cover .  Thin protective pieces of s ta in less  s t ee l  were  put on 
L I P  t op  sur faces  of the dies  t o  prevent  the end cover  f r o m  welding to  them. The dies  
M erc adjusted ver t ica l ly  so  that  the protective sur faces  of the dies  were  f lush with the 
clad toolmg and plenum sur faces  of the chamber .  A 3/16-inch-thick d isk  of Hastelloy X 
was s7lpported 31 16 inch above the plenum sur face  and para l le l  with i t .  A 5/8- inch-  
i " ~ 1 c k  Layer of S W P - 1  explosive was placed in contact with the Hastelloy. Using a cent ra l  
uetosiatloiz scheme,  the end cover  was welded t o  the spoolpiece plenum sur face .  
Close examination revealed seve ra l  a r e a s  where the end cover  did not weld to the 
o;i",er olenum sur face  at a point beyond the  c i rcumferent ia l  tooling channel. These  a r e a s  
of conweld were  attributed to  the outer  tooling - plenum junction. I t  was decided to  
xlaci..-i.ne off the end cover  and p repa re  the plenum sur face  for  a second at tempt  t o  weld 
tihc erir? cover .  This  t ime  a 0. 02-inch-thick layer  of Hastel loy was f i r s t  welded t o  the 
) e r , u r ~  surface.  As  expected, the  disrupting effects of the tooling-plenum junctions w e r e  
1 ) . - 7 i 1 i  l e s s  for  this  thinner  layer  and good welds were  achieved in a l l  a r e a s .  A second 
.;e I- of 3/!6-inch Hastel loy was next  welded over  the thinner  l aye r  whose sur face  was 
c r ) ~ z d ~ n u o u s  and f r e e  f r o m  junctions. A good Hastel loy self-weld was achieved in a l l  
3 r eas .  
The end cover  was machined to  final thickness  so  that the other  spoolpiece plenum 
sur face  could be establ ished by measurement .  After  it was verif ied that  the r ib- to-shel l  
welds were  good a t  the location of the second end cover ,  this  sur face  was p repa red  f o r  
weEd~ng the second end cover .  The s a m e  procedures  were  used fo r  prepar ing  and a s -  
sembllng the various components for  th i s  welding s tep  a s  were  used previously. Once 
again  a two-stage welding sequence was used with 0. 02-inch-thick Hastelloy layer  being 
weidea f i r s t ,  followed by the 3116-inch-thick end cover .  Good welds resul ted f r o m  both 
operat ions.  The end cover  was then machined to  final thickness .  
En preparing the 304 SS shel l  forging fo r  the l iner-welding s tep,  the inside su r f ace  
&as ~maci~ined  s o  a s  to fully expose the r ib  sur faces  in a l l  a r e a s .  During this  machining 
s ~ e p ,  the r ibs  were  exposed f i r s t  in the center  portion of the chamber .  It  was n e c e s s a r y  
to machine another 0. 04 inch t o  expose the r i b  su r f aces  out to  the ends of the chamber .  
Since bhe original height of the r ibs  was 118 inch, the r i b  height in the center  of the 
chamber  was about 0. 085 inch and that  towards the chamber  ends was about 0. 1 2 0  inch. 
This  azlachined sur face  then was t r ea t ed  with acid t o  reduce the tooling f r o m  0. 005 to  
0. 010 inch below the r i b  sur faces .  
Composite cyl inders  of Hastel loy and s tee l  were  fabricated by rolling 0 .  02-inch 
Yastelloy and 1116-inch s tee l  sheet  into cyl inders  and fusion welding the i r  longitudinal 
s eams .  Electron-beam welding was used t o  make  these  cyl inders  to closely control led 
s i z e s ,  with the Hastelloy cylinder just fitting over  the s t ee l  cyl inder .  This  con2binatioi1 
was explosively s ized in a die  t o  force the cyl inders  into intimate contact and to  produce 
a composite cylinder with a specific d i ame te r .  
The 15 -inch-high composite cylinder was positioned inside the spoolpiece, forming 
a nominal 11 16-inch gap between the Hastelloy and the r ib s .  A solid cylinder of ZcroErte 
was located inside the composite cyl inder ,  and formed a 7116-inch annular gap between 
them. Both the composite cylinder and the Zero l i te  plug extended 2 inches a.bove and 
I inch below the r ib s .  The 71 16-inch gap was loaded with SWP- 1 explosive, and this  
charge was detonated using the s a m e  c i r cu l a r  line-wave detonation used in e a r l i e r  
experiments .  
The Hastelloy l iner  appeared welded to  the r ib s  in a l l  a r e a s ,  but t he re  were  a few 
a r e a s  a t  both ends of the chamber  where the l iner- to-end cover  weld was poor .  Fnsion-  
welding tec'miques were  used t o  patch the nonwelded a r e a s ,  and leaktight joints w e r e  
nroduced a t  these  locations.  
Removal of Support Tooling 
The spoolpiece a t  this  s tage of fabrication had i t s  r i b s ,  l i ne r ,  and end covers  
welded into place. The next  s tep  in the processing sequence was to  remove  the s t ee l  
support tooling between the r ib s  and in the plenum sect ions.  It was f i r s t  n e c e s s a r y  t o  
clril! s ix  holes into both plenum sections to  gain acces s  to the tooling. Inlet  and outlet 
tubes will l a te r  be fusion welded in t hese  holes to  supply a flow of coolent to  the spaol-  
piece. The spoolpiece was immersed  in  a tank containing a 50  percent  n i t r i c  acid solu- 
tion maintained a t  180 to  190 F. 
I t  was a relat ively e a s y  ma t t e r  to  dissolve the tooling f r o m  the plenum sections of  
the spoolpiece because of the e a s y  acces s  to  these  a r e a s .  However,  a much longer 
period of t ime was  requi red  t o  remove  the tooling f rom the channels because of their 
sma l l  c r o s s  -sectional a r e a  and the limited acces s  to  them,  which caused difficulties 
in keeping f r e s h  solution in the channel holes.  A.significant i nc rease  in leaching rate 
was obtained by using bottom hea te r s  t o  na tura l ly  s t i r  the leaching solution and f r e -  
quently turning the spoolpiece end-for-end, o r  laying i t  on i t s  s ide.  The leaching prog - 
r e s s  was  monitored by a magnet  which was  placed against  the thin Hastelloy l iner  to  
detect the s t ee l  tooling beneath. This  method had proven t o  be a v e r y  sensi t ive Im2ean.s 
of detecting even sma l l  amounts of s tee l  in e a r l i e r  control  samples .  
Finish P roces s ing  and Proof  Testing 
When a l l  of the s t ee l  support  tooling had been removed f r o m  the spoolpiece, 
s e v e r a l  fusion welding and machining s teps were  completed t o  p repa re  i t  for  proof t e s t -  
ing and for  t e s t  f i r ing a t  NASA-Lewis. The end-cover welds with the l iner  and \vid,Er the 
plenum sur faces  on the outer  edges of the spoolpiece were  not complete in al l  areas 
af te r  the end cove r s  and l iner  had been explosively welded in place. All of these jurc- 
t ions were  fusion welded t o  i n su re  that  they were  leaktight. 
r l i c  spoolpiece was then machined to  reduce the shel l  section thickness  to i t s  final 
? i rne* i  c-on, and O-ring grooves and a s e r i e s  of bolt holes through the plenum sect ions 
i d c? -e  r i la~i \ , r  ed in both end-cover  sur faces .  
Six 39-4 SS pipes,  8 inches long, were  welded into the holes a l ready  drl l led into 
e a ~ "  ~u:eilurn sect lon.  A flow check was made  on the spoolpiece by circulating water  
tkrocgil  dlficrent cornbinations of these  inlet-outlet tubes,  some of which were  closed 
o f  'Thls check showed that a l l  sections of the spoolpiece were  open. All but one of the 
s were then closed off for  proof testing the spoolpiece. F i r s t ,  it was p r e s s u r i ~ e d  
50 psl  of helium gas with the spoolpiece submer%ed in water .  One o r  two v e r y  sma l l  
' 6  :s were found a t  the end cover- to- l iner  junction. These  welds were  reworked and 
- itwed no fur ther  leakage when subjected to the helium p r e s s u r e  a seconc! t ime .  The 
- j o ~ ~  [,-iece then was p re s su r i zed  with water  to  750 psi .  No leakage of water  was found in 
' V  i r e a s .  
Figure  27 shows the completed Spoolpiece 1 a f te r  proof testing. It  was shipped to  
YASA -Le\vrs in this  condition. 
Spoolpiece 2 - Allov 718 
A different approach was used to  fabricate  Spoolpiece 2. In cont ras t  t o  Spool- 
piece 1 ,  the shel l  and plenum sect ions of Spoolpiece 2 were  made  separa te ly  and l a t e r  
jonned. This procedure was necessi ta ted by the thinner wall and age-hardened t r e a t -  
meat specified fo r  the Alloy 718 shel l .  The cos t  of procuring a heavy-wall forging of 
A l l o y  718 to process  the shel l  and plenum a s  an in tegra l  unit, a s  was done for  Spool- 
psece P ,  was prohibitive. 
Fabrication. of Shell and Plenum 
?'wo Alloy 718 shel ls  were  made ,  a s  one was damaged when a power fa i lure  oc-  
carred a s  i t s  longitudinal s e a m  was being welded. Cracks  which formed in the weld 
Lone could not be repa i red .  The second shel l  was made  successful ly  by rolling 
0, 139-inch-thick sheet  into a cyl inder  and welding i t s  longitudinal s e a m  by  automated 
TIC; techniques. Plenum sections were  machined f r o m  two Alloy 718 ring forgings;  
these  sections were  left  overs ize  and had flanges which aligned with the cyl indrical  
snelY, F lgure  28. Automatic TIG welding was used to  make  the g i r th  welds joining the 
3iienu.m sections t o  the shell .  These welding s teps  caused the shell-plenum assembly  
t3 warp considerably. 
The as-welded shell-plenum assembly  was explosively formed in a split  die to 
e i r m ~ n a t e  the warpage and s ize  the assembly .  Two forming s teps were  requi red  t o  
acco~np i r sh  this  using central ly  located line charges  and water  a s  an energy- t ransfer  
lirtedaurn, After forming,  it was n e c e s s a r y  t o  add m o r e  f i l l e r  meta l  t o  both g i r th  welds 
so  $!;at the inside sur face  of the shel l  would be smooth when i t  was machined.  This  
~ ~ e l d ~ r ~ g  s tep  resul ted in additional warpage which was concentrated in the girth-weld 
d reas .  A second but different kind of forming procedure was performed on the she l l -  
plenurr assembly  a f t e r  i t  was solution t rea ted  at 1950 F fo r  1 h r  and water  quenched 
11 s o - i d  mandrel  of mild s t ee l  was positioned inside the assembly .  A 1-inch-wide s t r l p  
oi olastlc-explosive sheet ,  Detasheet*, was placed on a 1 /4-inch-thick l aye r  of rubbe r ,  
i'oiliic-, of F. I .  du  Pont d e  Nemours & Company. 
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F I G U R E  28.  DIAGRAM O F  TECHNIQUE USED FOR FABRICATING S H E L L  AND 
PLENUM STRUCTURE FOR SPOOLPIECE 2 
which was in contact with the g i r th  weld on the outside sur face .  Detonation of thrs 
charge forced the assembly  against  the s t ee l  mandre l ,  thus ironing out the warpage r n  
th is  a r e a .  This  forming procedure was repeated on the other  g i r th  weld, producing an 
a s sembly  which was within 0 .  005 inch of being round. The shell-plenum asscm-ibly then 
was aged to  fully harden i t .  
Welding of Ribs to  Shell 
The shell-plenum as sembly  was supported by external  dies  a s  r i b s  and tooitng were  
explosively welded t o  the shel l  inside sur face .  F i r s t ,  split  r m g s ,  lnachined f rom:  a 
4340 s t ee l  forging, were  positioned around the shel l  and between the plenurn se~lion.s, 
forming a composite cylinder of uniform d iame te r .  The spl i t  die  previously used r i l  the 
fabrication of Spoolpiece 1 was clamped around the composite cylinder and held f i  r ~ T y  
rn place by high-strength s tee l  bol ts .  Alloy 718 r ibs  were  machined f rom 0. 03-r i ic '1-"Liliclc 
shee t  stock and a grooved tooling cylinder was machined f r o m  hot-rol l  s t ee l  j3113.3~: in :he 
s a m e  manner  a s  previously descr ibed  for  Spoolpiece 1 .  The cylinder d iameter  was 
selected to  give a tsominal 3116-inch standoff gap with the shell  inside sur face  wkcii tnc 
cylinder was positioned inside the shell .  
The assembly  procedures  and welding pa rame te r s  used to weld the r ibs  to tbc 
age-hardened Alloy 718 shel l  were  the s a m e  a s  those descr ibed  e a r l i e r  for  Spoolpiece i 
Using a c i r cu l a r  detonation a r r angemen t  a s  before,  a 7116-inch layer  of S W P -  i explo- 
sive was detonated, accelerat ing the tooling cylinder and r ib s  to collide against  the shell 
surface.  
This  welding s tep  severe ly  damaged the spoolpiece shel l  a s  the spl i t  dle  support 
ing i t  was thrown as ide  when i t s  bolts ruptured.  The damage was in the for in of localized 
distor t ion and c r a c k s ,  the c r acks  being both longitudinal and circutnfe rent iai  The 
longitudinal c r acks  were  in o r  n e a r  the weld s e a m ,  while the one c i rcumferent ia l  c rack  
was located a t  the  junction between one plenum section and the shel l ,  but not in the 
girth-weld seam.  The shel l  damage was sufficient to prevent  i t  f r o m  being repa l red  A s  
a r e su l t  i t  was not possible to  complete fabrication of Spoolpiece 2. 
Since the 360-degree Alloy 718/Hastelloy X segment  welded in the initial  part of 
this t a s k  was essent ial ly  a spoolpiece without the plenum sect ions,  it was decided that it 
should be proof tes ted in place of the failed Spoolpiece 2. The ends of the cl~annels  of 
the segment  were  mechanically sealed and i t  was hel ium leak  checked a t  50  psi anel 
hydrostatically proof tes ted with water  a t  750 ps i  with no indication of any defects o r  
unbonded a r e a s .  Following proof tes t ing,  the segment  was forwarded to NASA-Lcur:s 
for  fur ther  evaluation. 
SUMMARY O F  RESULTS 
The resu l t s  of this  t a s k  have shown that cylindrical-channeled s t ruc tu re s  caii 9e 
fabricated by the explosive-welding p roces s .  In addition, end-cover plates can be 
explosively welded over  the complex channeling of the manifold section. 
It w a s  found in the initial  s tudies  on the t a s k  that g r e a t e r  explosive loadings and/or  
initial standoff gaps were  requi red  to explosively weld the r ib s  to  the shel l  s t ruc tu re  in 
the cylinc!rical configuration than w e r e  requi red  in the flat-panel s t r u c t u r e s .  The pa ram-  
e t e r s  required for  welding the thinner l iner  to the r ibs  in the cyl indrical  configuration, 
however ,  were  essent ial ly  the s a m e  a s  for  the f la t  panels.  Strong r ib- to-shel l  and 
Liner-to-rib welds were  achieved in the cylindrical configuration for  both the 304  s ta in-  
l e s s  stee!i'Hastelloy X and Alloy 718/I-Iastelloy X sys t ems .  
The pre l iminary  studies fo r  explosively welding the Hastelloy X cover  plates to 
' ' 3 ~  nlenurn  section revealed seve ra l  important  fac ts :  
( 1  j The mi ld-s tee l  tooling in the manifold channels should be clad with a 
thin layer  of s ta in less  s tee l  to prevent ma te r i a l  f r o m  the tooling s u r -  
faces  f r o m  being c a r r i e d  into the cover  plate/plenum interface.  
121 The presence  of junctions (between plenum and the tooling) in the in t e r -  
face will affect welding for  some dis tance downstream f rom the 
junction, par t icu lar ly  when welding a thicker  plate such a s  the 3116- 
inch-thick Hastelloy X cover  plate.  It was found l a t e r  in the actual  
fabrication of Spoolpiece 1 that a thin (0.  020-inch) l aye r  of Hastelloy X 
could initially be  clad over  the plenum sur face  with l i t t le o r  no 
junction effects ,  a f te r  which the cover  plate could be  welded to the s u r -  
face of the thin layer ,  again with minimal  junction effects .  
131 It was found that the end cover  plate could not be  welded a c r o s s  the 
na r row end sur face  of the l iner  and that the l iner  should b e  welded 
af te r  the end covers  had been welded in place. This  gave a be t te r  
chance of obtaining a leaktight s e a l  between the l iner  and the end 
cover .  
Following the successful  fabrication of Spoolpiece 1 (304 s ta in less  s t ee l /Has -  
te l loy X ) ,  the acid-leaching removal  of the s t ee l  tooling f r o m  the channels requi red  a 
relatively long t ime.  The leaching r a t e  was increased  by using bottom hea te r s  to 
achieve natura l  convection s t i r r i ng  of the acid solution and periodically turning the 
spoolpiece. Following removal  of the tooling, the spoolpiece passed the requi red  proof 
tes t ing.  
Considerable difficulty was encountered in fabricating Spoolpiece 2 (Alloy 7181 
Mastelloy X ) .  This difficulty was manifested initially by seve re  distortion of the 
Alloy 718 shell  s t ruc tu re  during i t s  fabricat ion.  This  dis tor t ion was co r r ec t ed  by ex-  
plosive forming. The shell  s t ruc tu re  then failed during the explosive welding of the 
ribs to it, showing that  be t te r  ex terna l  support  would be  requi red  during the rib-welding 
operation. An Alloy 718/Hastelloy X spoolpiece segment  was successful ly  proof tes ted  
in place of the actual spoolpiece. 
TASK 111. FABRICATION O F  NOZZLE SEGMENTS 
OBJECTIVE, APPROACH, AND COMPONENT DESCRIPTION 
The objective of the Task  111 portion of this p rog ram was to demonstrate  the  
feasibili ty of using explosive welding to fabricate  a channelled rocket  nozzle For  t n r s  
feasibili ty demonstrat ion,  a present ly used nozzle design (RL-  1 0 )  was modified and 
chosen for  study. It  was not fel t  neces sa ry  to explosively weld a complete 360-degree  
nozzle,  s ince welding just a segment  of that nozzle would demonst ra te  the appl~calarlity 
of the p roces s  to the nozzle geometry.  Segments such a s  the 60-degree one shown in  
F igure  2 9  were  thus chosen a s  demonstrat ion pieces.  
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FIGURE 29. A TYPICAL NOZZLE SEGMENT 
Total length of segment  = 13. 5 in. 
Maximum ID (at  end of divergent 
sect ion)  = 11. 38 in. 
Minimum ID (a t  th roa t )  = 5. 46 in. 
The ma te r i a l s  to be employed were  selected on the bas i s  of the r e su l t s  of the 
Task  I effort. The two sys t ems  selected were :  
A. Type 304 s ta in less  s t ee l  she l l  and r ib s  with a Hastelloy X l iner  
B. Alloy 718 she l l  and r ibs  with a Hastelloy X l iner .  
S i l l  . L'ie rnajorlty of the techniques and methods used to weld a nozzle would be ldentlcal 
!or bot5  mater ia l  sys t ems ,  ~t was declded to devote the ma jo r  effort  to developing the 
y~ret~:ads ion fabricating a pa r t  f rom one of the materials comb~na t lons .  This would then 
>1-, u:rl:zed to fabricate a segment  f rom the second ma te r i a l s  combina t~on.  The ma te r i a l s  
c onlblnatron chosen for  the development work was comblnatlon A above - Type 304 s ta ln-  
less  s tee l  and Hastelloy X. 
It was  recognized that a t tempets  to produce explosive welds between doubly curved 
ccimpanents would be a n  ex t remely  difficult task and would be extending considerably the 
s tate  of the a r t  of explosive welding. Therefore,  the program was s t ruc tured  to approach 
tile problerr in  a gradual  manner  - attempting to take a single s tep  a t  a t ime and work 
fron- the relatively s imple to  the m o r e  complex. 
Much past work has  shown that the process  of explosive welding can be accomplished 
quite easi ly  between two f la t  plates ,  o r  between two cylinders when the weld i s  made  in 
the axial direct ion.  Note that  in  both of these configurations the sur faces  to be welded 
are noncurved in the direct ion of welding. That i s ,  welding (o r  detonating the explosive) 
axialll,;. p resents  a noncurved welding surface,  while in a c i rcumferent ia l  detonation, the 
welding surface i s  curved. 
T h e  Slrst s tep  in welding components of a nozzle configuration was to demonst ra te  
tiha?, s i l r+aces curved in the direct ion of welding can be welded. Then, provided that a 
r r a s o ~ ~ a b i y  sound weld could be produced in  this configuration, the second s tep  was to  
2i r r ~ ~ i i s t r a l e  the capability of welding to  a doubly curved ( i .  e .  , axlally and c i r cumfe r -  
:qtlaJ:y c ~ r v e d )  surface.  Both of the components to  be welded should be solid plates  
' I .  e. . no r ibs  would be used)  s o  a s  to minimize the fabricat ion and assembly  problems.  
The i ~1w.c' s t ep  would then be to demonstrate  welding using a ribbed component in the 
C i  rb; c~isvnd nozzle configuration. 
Component Fabricat ion 
The components requi red  during the course  of this  p rog ram were  quite special ized 
and exhlblted r a the r  complex curva tures ,  a s  indicated in  F igure  29.  F o r  example,  s e c -  
tions af nozz1.e components having radius ra t ios  of 2 to  1 were  requi red .  Consequently, 
L-owvenkionai fabrication operations - rolling and welding, machining, e t c .  - could not 
be used, and most  of the components had to be fabricated by nonstandard techniques. A 
considerable amount of the p rog ram effort  was spent on th i s  fabricat ion phase, and 
several technologically useful and novel fabricat ion methods were  developed. 
The major  components requi red  fo r  the conduct of this explosive welding study a r e  
listed ~ - u n  Table 7 .  Note that i n  this  table the component d iameter  (or  equivalent) i s  given 
.n zesnls of Y,  which i s  the d iameter  of the nozzle a t  a glven ax ia l  distance, X. These 
X and Y d:rnensions, together with other engineering detai ls  of the nozzle segments ,  a r e  
sltown rn Figure 30 .  The lengths of the nozzle components used ln  this  welding study 
were rncreased to  provide for  the end lo s ses  charac te r i s t lc  of the explosive-welding 
p i ^ o c e s ~  One end was lengthened by 2 inches,  while the opposite, m o r e  tapered ,  con- 
vergent  section of the nozzle was lengthened by 2 - 1 / 2  inches.  Thus, a l l  components and 
tooling pieces were  fabricated to a length of 18 ~ n c h e s ,  r a the r  than the 13 - 1 / 2  -inch length 
required of the finished nozzle. 
TABLE 7. COMPONENTS REQUIRED FOR NOZZLE FABRICATION 
ID in r3'dI \L~ill17er 
Materlal  Terins of Y Nurnber Requlred per i :~c ,~~i ied  l o r  
Colnponent System (Flgure 30) 60 -Degree Segment I ' r O i l d i i i  
-- 
Material 
- -  - -  - 
Support d i e  A 4140 steel  Y + 0 . 5 0  1 (reusable) 5 
Support d ie  5 4140 steel  Y + 0 . 2 3  1 (reusable) 5 
Shell A 304 stainless s teel  Y + 0.14  1 3 
Rib mock-up A 304 stainless s teel  Variable 1 1 
Shell B Alloy 718 Y + 0.14  1 I 
Rib mock-up B Alloy 718 Variable 1 2 
iiihs - full length A 304 stainless s teel  (Variable) 11 for segments with d i s c o n t i n u o ~ ~ s  ribs 6.1 
21 for segments with only continuous 
ribs 
Ribs - discontinuous A 304 stainless s teel  Variable 1 0  ( e a c h  end) 20 (edcli ciid) 
Ribs - full length B Alloy 718 Variable I1 for segments with discontinuous ribs 2 2 
Ribs - discontinuous B Alloy 718 Variable 10 (each  end) 20 (eacli z i ~ d j  
Liner A and B Hastelloy X Variable 1 3 
Tooling supports for A and B Mild steel  Variable 1 set 7 
ribs 
-- 
Support Dies 
Support dies  were  requi red  for  each  nozzle-welding experiment ,  and were  used t o  
support  the shel l  during the two welding s teps per formed on i t  (the r ib- to-shel l  and 
l iner - to- r ib  welding operat ions) .  The d ies  were  solid, hardened 4140 s tee l  and had a 
minimum thickness of 1 - 1 / 2 inch. 
Two dies  were  fabricated - one for  each  of the two ma te r i a l s  sys t ems ,  The out- 
s ide  d i ame te r s  of the shel ls  for  the two sys t ems  were  slightly different because of dif -  
fe ren t  she l l  thicknesses;  consequently, two different s ize  dies  were  requi red .  The dies  
were  rough machined f r o m  cylindrical (15-114-inch OD by 5-112-inch ID by 18 lnches 
long) s t ee l  forgings on a t r a c e r  lathe. After  being heat t rea ted ,  they were  final machined 
and longitudinally cut into th ree  sect ions,  one of which was  a 72-degree segment ,  w h ~ l e  
the other two were  144-degree segments .  The 72-degree segment  was used for the early 
welding experiments ,  while the other segments  of each  die were  held in  r e s e r v e  In case 
of damage o r  other changes t o  the segment  being used. 
A s  the p rog ram progressed ,  and a s  var ious  component fabricat ion o p t ~ o n s  were  
abandoned, a need developed for  dies  for  explosive forming. The segments  of the s u p -  
por t  dies ,  which had initially been procured  and fabricated fo r  use in  the welding s tudy ,  
were  found to  be ideally suited for  this use a s  well. Consequently, both the full. dre and/ 
o r  individual die segments  were  used extensively during forming of s eve ra l  of the nozzle 
components. 
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FIGURE 30 .  DETAILS O F  N O Z Z L E  SEGMENT 
Stainless Steel  Shells 
The shel l  components a r e  the thlck s t ruc tu ra l  e lements  whlch provide the niair? 
s t rength to  the nozzle.  Fo r  this p rog ram,  they were  thr e lements  to which the r ib  
mock-ups were  welded in the pre l iminary  experiments  and to whlch the r ib s  were  welded 
in  the final demonstration exper iments .  The maximum outside d iameter  of the extended 
length she l l  (a t  the convergent end of the nozzle) was 12. 84 inches,  and the mr .n l rnum ot i t  
side d iameter  (a t  the throat  sect ion)  was 6 .42  inches.  The shel l  wall was 0.  3 0 0  r n < b  
thick, and the total  component length was 18 inches.  
A number of potential methods of fabricating these shel ls  were  examined; nt was 
decided that machining and sectioning of a complete nozzle would be the mos t  practical 
means  to produce the requi red  sect ions.  However,  a blank for  machining was  r e q i j ~ r e d .  
Two types of "raw mater ia l"  were  considered - hollow forgings o r  formed-to-shape 
tubular components of the requi red  thickness.  Forgings were  eliminated f rom corisnder - 
at ion when the quoted p r i ce s  and del ivery t i m e s  were  found to be unreasonable.  
Explosive forming was the method chosen to fabr ica te  the nozzle blanks,  Con- 
t rol led expansion of the ends of a commerc ia l -grade ,  thick-walled s ta in less  s tee l  pipe 
was the method used to  produce nozzle-shaped components, which then were  f inal  
machined into finished shel ls .  
Two complete blanks were  fabricated by this  method. Two lengths of commerclal-  
grade ,  nominal 6 - inch-diameter ,  double -extra-heavy-wall  pipe (6 .  51 8 -Inch OD b y  7/ 8 - 
inch-thick wal l s )  were  used to fo rm the nozzles.  The initial  wall  thickness  was car- 
culated to provide the requi red  thickness of ma te r i a l  a f t e r  forming a t  the maxinluln 
polnt of expansion (using a s imple conservat ion of m a s s  equation). Each tube was 
explosively expanded without the use  of a die  i n  s eve ra l  s e r i e s  of controlled expansrons, 
uslng axially placed charges  extending part ia l ly  into the pipe, a s  shown in  Figure 32 
The tubes were  expanded about 30 percent  in  s eve ra l  s epa ra t e  expansion operataons, 
annealed, and then subjected to another  form-anneal  cycle. The final formlng aperataon 
on each  tube was done in  a die (the die fabricated for  use in  the welding e x p e r n n ~ e n t s ~ ,  
whereas the other  operations were  a l l  f r e e  formed - i. e . ,  no die was used. Twenty 
expansions pe r  tube were  used, and they caused the tube to expand, in  a controlled 
manner ,  to g rea t e r  than twice i t s  original d iameter .  The tube, a f te r  flnal fornlimg, was 
glven a final anneal,  machined on a t r a c e r  lathe, and sectioned longitudinally into 72- 
degree segments .  
The explosive charges  used in  the expansion experiments  consisted of lengths of 
g l a s s  tubing filled with Tro jan  S W P - 1  dynamite.  The d i ame te r s ,  lengths,  and pas~taonang 
of the charges  were  va r i ed  during the course  of the complete forming cycle.  Charges 
were  e i ther  25 o r  28-mm in  OD and ranged in length f rom 9 to 14 inches.  These varra-  
t ions were  incorporated to at ta in the des i r ed  formed contour. In the ea r ly  expansnon 
operation, the longer charges  were  employed; a s  the center  sect ions were  formea  to the 
requi red  s ize ,  sho r t e r  charges  were  used. To prevent  f r ac tu re  of the tube du reng  each 
forming operation, the explosive charge was calculated such that the rad ia l  expanston 
velocity impar ted  to the tube was well  below that requi red  to cause f r ac tu re .  In a d d l t ~ o n  
to this precaution, the tube was annealed a t  1900 F for 1 hour a f te r  each  approxernate 
30 percent  expansion. 
:FIGURE 31 .  S E T U P  F O R  E X P L O S I V E  F R E E  F O R M I N G  O F  T U B E S  
The detai ls  of the expansion operation a r e  shown in  F igure  3 1.  The tube was 
positioned on a Styrofoam block and the junction between the tube and block was sealed 
with modeling clay. The charge,  contained in a g l a s s  tube and sealed on bo th  ends,  and 
i t s  wood-and-Styrofoam support were  then positioned in  the tube. The s t amles s  tube was 
filled with water ,  the detonator was attached, and the charge was detonated. The t r~be  
was bulged by this operation, and a s  the figure shows, was bulged the maxiiniiim amount  
a t  the midpoint of the charge .  A s  expected, i t  did not expand a s  much a t  each efid a s  LL 
dld In the center .  This effect aided considerably in forming the nozzle and is dbe to  
(1) the l o s s  of forming p r e s s u r e  caused by venting of the water  a t  the ends and  ( 2 )  the 
r e s t r a in t s  imposed by the geometry  and ma te r i a l  s t rength of the adjacent unexpanded 
sections. 
The forming operation was repeated on one end of the tube until a n  approximate 
30 percent  expansion had been achieved (usually t h ree  o r  four  expansions) .  The tirSe 
then was inverted,  and the other  end was expanded s imi la r ly  to about 30 percent  s t r a in  
The tube was then annealed and expanded fur ther .  
The progress ive  expansion of one of those tubes i s  shown graphically in Figcrre 3 2 ,  
Photographs showing seve ra l  s tages  of the expansion of a shel l  tube and a mock-up tube 
(descr ibed in  the next sect ion)  a r e  presented in  F igures  33 and 34. 
F o r  both of the shel l  tubes,  the final f ree-forming operation expanded a portion of 
the tube to a d iameter  slightly g r e a t e r  than the inside d iameter  of the die ,  thus preventing 
the tube f r o m  being positioned in  the closed die.  It was therefore  neces sa ry  to  reduce 
the d iameter  a t  these  overexpanded points.  F o r  one of the tubes,  the overexpansion was 
v e r y  slight,  and i t  was  possible to machine the excess  m a t e r i a l  f r o m  the OD of the tube 
and s t i l l  leave sufficient ma te r i a l  to provide a full-thicknes s piece. F o r  the other tube, 
however,  the enlarged sect ion was considerably overs ize ,  and i t  was not possible to 
machine the excess  without thinning the wall  excessively.  The overexpanded sect ion 
was  therefore  reduced in  d iameter  through use  of a s m a l l  ex terna l  charge of plast ic-  
sheet  explosive the s a m e  a s  was  used on the shel l  s t ruc tu re  in  Spoolpiece 2 .  This 
charge ( 3  g/in. '  of Detasheet)  was placed over  the overexpanded sect ions,  with s e v e r a l  
l a y e r s  of foam rubber  i n t e r spe r sed  to prevent  spallation of the tube, and detonated. 
The impulse impar ted  to the tube reduced the d iameter  a t  the des i r ed  points, and allowed 
the tube to  be placed in  the die and expanded to i t s  final fo rm.  
The fully formed tubes were  then given a final anneal and machined to the requi red  
dimensions on a t r a c e r  lathe. One of these fully machined nozzles i s  shown in F r g u r e  35,  
The machined nozzles were  sectioned longitudinally into 72-degree segments  and used in 
the welding experiments .  
Stainless  Steel  Rib Mock-Up 
The r ib  mock-ups were  used a s  stand-ins for  the rib-and-tooling assembly  d u r i n g  
welding experiments  i n  which the welding behavior of a double-curved shape (a nozzle) 
was examined. They were  fabricated f r o m  solid s ta in less  s tee l ,  were  0. 180  inch thick, 
and were  curved to  match  the she l l  components. 
Two methods were  employed in the course  of fabricating these  components;  both of 
them employed explosive forming. The f i r s t  of these  methods involved the expansion of 
pipe ( s imi l a r  to  the shell-forming operat ion) ,  whereas  in  the second, f la t  shee ts  were 
c 
.") Lo- 
FIGURE 33.  STAINLESS S T E E L  TUBES A F T E R  FIRST FORMING C Y C L E  
The tube on the left is  to be used for shells; the tube on the 
right is  for rib mock-ups. 
FIGURE 34. STAINLESS STEEL TUBES AFTER THREE FORMING CYCLES 
The tube on the left i s  to be used for  rib mock-ups; the tube 
on the right i s  to be used for shells. 
FIGURE 35. EXPLOSIVELY FORMED AND FINAL-MACHINED 
304 SS NOZZLE SHELL 
lorrned intc a female die.  In the course  of fabricat ing these  components,  and fo r  
reasons  presented below, both of the methods w e r e  used. 
The pipe-expansion work was c a r r i e d  on simultaneously with the expansion of the 
shell-component pipes.  The s ta r t ing  m a t e r i a l  for the r ib  mock-ups consis ted of two 
28-lnch lengths of nominal 5-inch, Schedule 120 (5-91 16 -inch d i ame te r ,  112-inch wall  
thackness ) s ta in less  s t ee l  pipe. These pipes were  expanded using the same  operat ions 
and precautions employed in the shell-pipe expansions. Par t ia l ly  expanded pipe's a r e  
shown za Flgures  33 and 34. 
The pipes were  expanded to about two-thids of the final s ize  requi red .  At  that 
poirzL aacd because of other p rog ram considerat ions,  work was suspended on the part ia l ly  
expanded plpes,  and a n  al ternat ive method was  used to fabricate  the requi red  components.  
3y this method, which was developed and used in a concurrent  effor t  to  fabricate  Alloy 
7!8 she l l s ,  f la t  shee ts  of m a t e r i a l w e r e  formed,  i n  a single operation, into a 72-degree 
segment of die.  
The decis ion of change the method of fabricat ion was based  on considerat ions of 
hrne and cost.  This new flat-plate explosive -forming p roces s  had been developed fo r  
use with the Alloy 718 and Hastelloy X components and had been  shown to be both s imple  
and rapid; consequently, i t s  use would conservably acce l e ra t e  the p r o g r a m  per formance .  
The component a r r angemen t  for  the f la t-plate  forming operat ion i s  shown in 
f ' l gure  36, Briefly,  the equipment consis ted of a 72-degree die segment ,  a shee t  of the 
metal to be formed,  a cyl indrical  charge positioned s e v e r a l  inches f r o m  the plate and 
o r ~ e m t e d  with i t s  ax is  para l le l  to the d i e ' s  ax is ,  and a l a rge  water t ight  box. The plate 
was suspended a s m a l l  dis tance above the  die  and the water  requi red  for  forming was  
an a wooden box which had been lined with a shee t  of polyethylene plast ic .  
Detonator  
E~rpPosive 
Lower container 
FIGURE 3 6 .  SETUP EMPLOYED FOR FLAT-PLATE FORMING OPERATION 
In a typical forming operation, the die segment  was s e t  on a level  sectron c)f 
ground and a 12-inch-high wooden f r a m e ,  slightly l a r g e r  than the die ,  was p o s ~ ! ~ o n c d  
around it .  This f r ame  contained on i t s  inside sur face  a s e t  of pegs which supported the  
plate to be formed a t  a height s eve ra l  inches above the die sur face .  A 3/16-znch-tkick 
s ta in less  s t ee l  plate was placed on the pegs,  and a second 12-inch-high wooden f r a r r r  
was placed atop the f i r s t .  A polyethylene-sheet bag was posltloned inside the r cc t an -  
gular  cavity formed by the duplex f r ame  and the s t ee l  plate.  The explosive charge ,  c o n -  
tained inside a 24-inch-long, 37 -mm-d iame te r  g lass  tube, was positioned 6 r n c  hes  above 
the plate.  The detonator,  a t tached to a s m a l l  s t r i p  of plast ic  sheet  exploslvr ,  was 
secured  to the tube, and the water  tank was filled. 
The explosive charge was detonated direct ly  above the throat  sect ion of the s p y ; -  
ment ,  thus allowing the detonation to propagate toward each end of the piece. Owlng to 
t h e  p r e s s u r e  distribution produced by this detonation scheme and the geometry  of the 
dlc, the sheet  was f i r s t  formed into the throat  sect ion and then into the l a r g e r - d r a ~ n e t e r  
qortrons of the die. 
The forming operation forced  mos t  of the s ta in less  s t ee l  sheet  into the die ,  but d i d  
not completely f o r m  the ends to  the des i r ed  contour.  Therefore ,  a second forming shc t  
was required.  In this second operation, the die  and part ia l ly  formed shee t  were  pos i -  
tioned inside the wooden f r a m e ,  a polyethylene-sheet water  bag was placed inside this 
cavity,  and 1/4-pound spher ica l  charges  were  positioned 8 inches above the center  o f  
each  of the ends.  This second forming shot,  which would not have been possible  ~ v b t h  
thinner ma te r i a l  (owing to  buckling and  wrinkling of the plate)  completely formed the 
s tainless  s t ee l  to the des i r ed  contour. A s ta in less  s t ee l  r i b  mock-up formed by this  
technique i s  shown in F igure  37. 
In the course  of the subsequent welding exper iments ,  a need a r o s e  to  f a b r ~ c a t e  a
s ta in less  s t ee l  mock-up which contained a V-groove a t  the throat  sect ion of the nozzle .  
This r a i s ed  sect ion was to  extend into the interface of the explosive-bonding assenllziy by 
about  0. 050 inch, was to  be V-shaped, and was  to extend for  the full  width of the park. 
This  r a i s ed  sect ion was  produced in  a completely formed plate by explosively fo rc ing  
a s m a l l  center  sect ion of the plate into a segment  of die  which had been grooved to the 
des i r ed  depth. A l aye r  of rubber  and seve ra l  l aye r s  of plast ic-sheet  explosive were  
placed atop the throa t  sect ion of the fo rmed  plate,  which in  t u r n  r e s t ed  on the g r ~ o v e d  
die. The explosive, upon detonation, forced  this  sect ion of plate into the V-groove 3 f  
the die ,  but did not d i s to r t  the plate i n  the adjacent  a r e a s .  Severa l  plates were  formed 
both with and without the groove, and were  used in  the mock-up bonding expe t iments .  
Alloy 7 18 Shells and Rib Mock- Ups 
The Alloy 718 components were  requi red  for  use with the second ma te r i a l s  systexri 
(Alloy 718 she l l  and r ib s  and Hastelloy X l iner ) .  As  in  the s ta in less  s t ee l  sys t em,  the 
shel l  i s  the main  s t ruc tu ra l  support for  the other  components; the r i b  mock-ups were 
to be used to examine the bonding behavior of Alloy 718 in a nozzle configuration. Much 
the s a m e  considerations used in  selecting fabrication methods fo r  the s ta in less  steel. 
components were  applied in  selecting methods for  these  pa r t s .  Were the requrred r aw  
ma te r i a l s  available? Was the proposed method costly? How much development anijcr 
tooling would be requi red  in  o rde r  to use i t?  

The machining of forgings was  considered,  but was not pursued because no 
Alloy 718 forgings were  available.  Forming and machining of a rol led and welded 
double-conical shape was considered,  but was abandoned when i t  was found that  con- 
ventional fusion-welding techniques for  this  alloy would have to be developed. Hydro- 
forming was considered, but was not used, because of the high development and t o o h n g  
cos ts .  
It was decided that explosive forming of flat  shee ts  into a 72-degree dre segment 
would be the method used. This method was chosen for  development because it appeared  
to be  both workable and pract ical ,  and because the techniques developed could be used 
t o  fo rm the Hastelloy X skins  a l so .  (In addition, and a s  mentioned in the prevrous s e c -  
tion, this was ultimately used, because of i t s  s implici ty ,  to fo rm the stainless steel rib 
mock-ups f rom f lat  plate.  ) 
The method used to fo rm the Alloy 718 she l l  and mock-ups was  s imi l a r  to that used 
fo r  forming the s ta in less  s t ee l  mock-ups f r o m  f lat  plate.  A 72-degree segment  of d ~ e  
(the sma l l e r  d iameter  die was used)  was positioned on the ground and surmounted wrth a 
duplex wooden f r a m e .  The plate to be formed was supported above the die on pegs 
attached to  the s ides  of the f r ame .  A watertight plast ic-sheet  bag was placeci sn the 
cavity. The explosive was positioned, the bag was filled with wa te r ,  and the platex was 
formed into the die.  
In the f i r s t  s eve ra l  exper iments ,  a t tempts  were  made  to  fo rm the Alloy 718 shee ts  
direct ly  into the die,  but these were  unsuccessful.  I t  was not possible to fo rm the sheet 
completely into the die without f ractur ing the sheet .  If too li t t le energy was used, the 
workpiece did not completely fi l l  the contour of the die ,  whereas  if too much energy  was 
employed (ei ther  by increasing the charge s ize o r  by decreasing the charge-  to-blank 
distance)  the sheet  f rac tured  a t  the points of maximum s t ra in .  Attempts to f o r m  the 
shee t  in  two o r  m o r e  s teps  were  unsuccessful and resul ted in  wrinkling and uneven form- 
ing in  the components. 
In o r d e r  t o  reduce fractur ing,  the thickness  of the workpiece was ar t i f ic ial ly  in- 
c r eased  by sandwiching i t  between l a y e r s  of 11 16-inch-thick s ta in less  s tee l .  By tbrs 
method, i t  was possible to completely f o r m  the Alloy 718 plate into the die w ~ t h o u t  
f ractur ing the workpiece, although, the bottom s t ee l  l ayer  was f rac tured  in  the p r o c e s s .  
The charge used i n  each  forming experiment  was contained in  a 37-mm-ID glass tube 
and was positioned 6 inches f r o m  the workpiece. 
The Alloy 718 plates  were  in  the solution-treated condition when formed.  Sub- 
sequent heat  t reat ing t o  develop the aged proper t ies  i n  the formed plates  restrEted In d i s -  
to r t ion  of the contour. Severa l  a t tempets  were  made  to r e - f o r m  these  hea t -  t rea ted  
components, but these  were  not completely successful .  
Hastelloy X L ine r s  
The l iner  component i s  the thin e lement  which i s  bonded to  the inside drarneter  01 
the r i b s  - the side of the r ib s  opposite the shel l .  I t  i s  0. 020 inch thick and extends the 
full  length of the nozzle.  
Two methods were  considered for  fabricating the l i ne r s  - hydroforming, and 
explosive forming into a female die.  Of these  two, the explosive-forming method was 
selected a s  being mos t  compatible with the overa l l  p rog ram objectives.  The requi red  
nozzle segments  were  fabricated by explosively forming f la t  shee ts  into a 72-degree 
segment of die,  using the approach and procedures  outlined above. Considerable effor t  
was expended in  attempting t o  f o r m  these components. However, because  of the i r  thin- 
ness, d i f f~c .d ty  was experienced in  fully forming the p a r t s  without causing them to t e a r  
o r  fracture a't the points of maximum s t re tch .  The shee t  had to  be formed i n  a single 
operat~on, since a l l  a t tempts  a t  multiple forming led to  s eve re  wrinkling and dis tor t ion.  
The tendency to  t e a r  was reduced to some  extent by laminating the Hastelloy X 
sheet  between l aye r s  of mild o r  s ta in less  s t ee l  and then forming this  composite into the 
dae. This modification resu l ted  i n  a n  inc rease  in  formabili ty of the plates ,  a s  the plates  
would frll the die m o r e  completely before fractur ing occurred .  Complete forming,  how- 
eve r ,  could not be achieved.  
Thrs technique was extended fur ther  and resu l ted  in  a method suitable for  com-  
pletely forming the Hastelloy segments .  A flat  sheet  of Hastelloy X was placed between 
t w o  layers of 1/4-inch-thick aluminum, and this  composite was formed into the die using 
a 37-mn~-d iame te r  charge placed 6 inches f rom the plates .  The components formed 
completely into the die without f ractur ing.  The formed l iner  component was dimensionally 
Icspe cted and found to  be  suitable for use .  
F o r  each  of the two ma te r i a l s  sys t ems ,  two types of r i b s  were  requi red  - con- 
tinuous full-length r ib s ,  and discontinuous r ib s  which te rmina ted  nea r  the throa t  sect ion 
o*C the nozzle. These detai ls  a r e  shown in  F igure  29. Each  60-degree nozzle segment  
requi red  2 1 r i b s ,  1 1 of them being full length, which the remaining 10 were  discontinuous. 
Each of the r i b s  was 0.105 inch high and 0.040 inch wide, and each  was curved to  con- 
form to the nozzle contour.  
Two methods were  considered fo r  fabricating these  curved r i b s .  One method would 
requl rc  machining them f r o m  0.040-inch shee t  stock using a contour mi l l ,  and the other  
would rnvo%ve p r e s s  forming the r i b s  f r o m  preground, s t ra ight  s t r i p s .  Each  of these  
methods had some des i rab le  fea tures ,  while each  had drawbacks.  P r e s s  forming the 
ribs with a single-acting matched die would be a s imple,  s t raightforward operation, but 
wiiuld be a difficult operation to control.  Provis ions  would have to  be made  to  control  
factors such as dimensional uniformity, springback cor rec t ions ,  etc.  On the other  
l ~ ~ i n d ,  n ~ a c h i w n g  the r ib s  f r o m  shee t  s tock should provide a uniformly high-quality prod-  
uct, b u t  would be a n  expensive operation. 
Quota t~ons  for  machining the r ib s  were  solicited f r o m  s e v e r a l  fabr ica tors .  The 
c o s t s  were  s o  great ly  above the amount anticipated that  this  approach was abandoned, and 
it was decided to fabricate  the r i b s  by p r e s s  forming f rom f lat  stock. 
The raw mate r i a l s  requi red  fo r  the press - forming  operation were  p repa red  by 
shearing flat sheets  of 0. 040-inch-thick 304 s ta in less  s t e e l  and Alloy 718 into s t r i p s  
9 / 4  n c h  high by 2 1 inches long. These s t r i p s  were  straightened, welded into packs of 
approximately 35 r ib s  each,  annealed, and ground to a height of 0. 105 inches.  
With both Alloy 718 and s ta in less  s t ee l  s t r i p s  were  shea red  and ground to s i ze ,  
only the s ta in less  s t ee l  s t r i p s  were  fabricated into r ib s .  The Alloy 718 s t r i p s  were  held 
in  r e s e r v e  pending the resu l t s  of experiments  with the s ta in less  s t ee l  systerll, and 
ultimately were  not used. The s ta in less  s t ee l  r ibs  were  fabricated to  shape by brr~ding 
in  a single -acting mating die se t .  
The die s e t  used to  f o r m  the r ib s  was fabricated f rom 112- inch- th~ck  m ~ l d  stcael 
plates .  It consisted of matching, curved halves which were  held in v e r t ~ c a l  I i [ : ~ i i l ~ ~ i i t  
during press ing  by a long ve r t l ca l  pin a t  each  end. The dle contour was s lmr lar  i ,i tridt 
of the nozzle,  but differed f rom ~t In two r e spec t s .  It was modified to p r o v ~ d t  iop the 
springback of the r ib s  durlng forming,  and a l so  was la te r  modifled ( a s  a resirlt or t he  
concurrent  experimental  explosive-welding work - detailed in  a la te r  sect ion\  to provzde 
m o r e  sultable collision conditions over the full length of the nozzle durlng r lb - to - s i re l l  
welding . 
Mild -Steel Support Tooling 
The mi ld-s tee l  support tooling s e r v e s  to  position, support,  and separa te  the rib 
components during the r ib- to-shel l  welding operation. In addition, during the Irner-to- 
r i b  welding operation, i t  supports the r ib s ,  keeps them in the proper  orientation, a.id 
f i l ls  the channels to  prevent  them f r o m  collapsing. 
The complete rib-and-rooling a s sembly  needed in the welding operation could be 
assembled  in one of two ways. In one of these  methods, which had been used r n  Task 1, 
the r i b s  and tooling a r e  separa te  elements .  These elements  a r e  laid side-by-sade to  
f o r m  a "solid" plate,  which i s  then explosively welded to  the base  component. In t h e  
second method, used in  Task 11, a solid plate of the tooling ma te r i a l  i s  slotted, the ribs 
a r e  inser ted ,  and this  assembly  i s  then used in  the welding operation. F igure  38 rl.Ic*s - 
t r a t e s  these two options for  a flat-plate configuration. Experience with both of these 
sys t ems  h a s  shown that  they pe r fo rm equally well ,  provided they a r e  properly made  and 
assembled .  Since they pe r fo rm in the s a m e  way, the choice of which to  use depends on 
other fac tors ,  the mos t  important  of which i s  the e a s e  o i  fabricat ion and assembly .  
a. Indiv idual  components b. Slot ted tool ing plate 
FIGURE 38. TWO METHODS O F  FABRICATING 
RIB -AND- TOOLING ASSEMBLIES 
While e i ther  of the above methods could be readi ly extended for  use with a 
cylindrical configuration, this i s  not t rue  for  a nozzle shape. In fact ,  both methods 
appeared  equally difficult to use fo r  nozzle fabrication. Of the two methods;  however, 
the solid slotted nozzle appeared to offer some  slight advantages.  Therefore ,  it was 
planned to use this method. 
To use thls method, a mi ld-s tee l  nozzle was required. Three  methods were  con- 
- $ e r e 2  for  ~ t s  fabrication. One of these was  the explosive expansion of cominerc la l  
+ h _ c k - ~ \ a l l e d  plpe, and a second was machining f rom a hollow s t ee l  blllet .  The third 
~ ~ - e t h c . d  c o n s ~ s t e d  of rolllng and welding two flat  shee ts  to provlde a double-truncated 
- 7 1  a '  configuration. Thls rough nozzle shape could then be ei ther  machined (if the 
-\  i-i.lg mater la l  were  thlck enough) o r  explosively sized lnto a d ~ e  (for  thlnner s tar t ing 
f e  - 1 . INhichever method was used,  the completely formed solid mild-steel.  nozzle 
woclc' tlq'?in 5e slotted on a contour m~l!  and sectioned ~ n t o  72-degree segments  for use 
L C  t he  ~ r \ ~ d l r i g  experiments. The ex t remely  hlgh estimated cost  of slotting the tooling 
C ~ x t u r e  l t' to  abandonment of the solid-tooling concept.  
The al ternat ive tooling concept - use of individual tooling e lements  - was the re -  
fore pursuo:d. These tooling elements  had a mos t  unusual and hard-to-fabricate  shape,  
a s  shown ir, Figure 39. Each element  was 0. 100 inch high and was bent to the curvature 
c)!. tile nozzle .  Not only were  the pieces curved, but the width of' each element  changed 
as  a direct function of the axial  location (or  m o r e  prec ise ly ,  the radius a t  a given ax ia l  
!.oca"i.on\. 
FIGURE 39. MILD-STEEL TOOLING ELEMENT FOR 
NOZZLE-SECTION WELDING SETUP 
The tooling e lements  were  fabricated f rom mild s teel .  F l a t  s t r i p s ,  21  inches long 
by 31'8 mch wide by 1 / 8  inch high; were  ground to a height of 0. 1 0 0  inch, the height of 
the channel, They were  then p r e s s  fo rmed  to the proper  curva ture  in  the s a m e  die  
used to form the r ib s .  To achieve the var iab le  width, which on analysis  of F igure  39 
c a n  be seen to be equivalent to  (or  the r e s u l t  of) a 2-1/2-degree taper ,  the formed piece 
was posrtroned on a spec ia l  f ixture and ground. This f ixture,  shown in F igure  40 ,  con- 
slsted of a ground-steel block which had a top sur face  angled a t  2-1 1 2  degrees  to  the 
horizontal and a number of locating pegs (to hold the tooling piece secure ly  in  place during 
the g r ~ n d i n g  operation).  Each tooling piece was ground until the proper  thickness a t  the 
thickest  point (the point of maximum diameter  i n  the lay-up) was reached .  These tool- 
ing elements  were then combined with the r ib s  and used i n  the rib-welding experiments. 
j deg I 
Grinding fixture ! 
FIGURE 4 0 .  FIXTURE USED TO FABRICATE MILD-STEEL 
TOOLING ELEMENTS 
F o r  clar i ty ,  positioning pegs a r e  not shown. 
E x ~ l o s i v e  Welding of Curved-Section and Nozzle Components 
The feasibili ty of explosive welding of channeled nozzle segments  was examined rn 
a stepwise, sys temat ic  manner .  Concurrent  with the component fabricat ion effort de- 
scr ibed  in  the previous section, a number of pre l iminary  exper iments  were  r u n  to 
examine the var ious  individual aspec ts  of the en t i re  nozzle-welding problem. ExpPosrve- 
welding experiments  were  then r u n  using the previously fabricated nozzle - slnaped 
components, and were  followed with s e v e r a l  experiments  in  which r ib - to - s l~e l l  nozzle 
welding was attempted. 
Welding of Ribs and Tooling in  
F la t -P la te  Configuration 
Discontinuous Rib Welding. Among the many problems unique to the ex-plosive 
welding of nozzle segments  was the presence  of discontinuous r ib s  in  the nozzle.  These 
r ib s ,  which can be seen  in  F igure  30 (showing a drawing of the nozzle s e g m e r ~ t ) ,  do not 
extend the full length of the nozzle but "stop" a t  the throa t  section. A s  this  drawing 
shows, every  other r i b  i s  discontinuous. 
This discontinuous-rib configuration would be produced in the nozzle through use 
of a modified rib-tooling assembly  in  the r ib- to-shel l  welding operation. Where  full- 
length r ib s  were  required,  full-length s ta in less  s t ee l  e lements  would be inser ted  i n t o  
the tooling s t ruc ture .  Where discontinuous r ibs  were  needed, however,  a th ree  - sect ion 
"rib" would be used. The center  sect ion (the sect ion which extends over the throat)  
would be mild s teel ,  whereas  s ta in less  s t ee l  r i b s  would be used a t  each end of the  
nozzle.  After  the l iner - to- r ib  welding operation, the mi ld-s tee l  r i b  would be removed 
during acid leaching of the tooling, thereby producing the requi red  discontinuous r ;b .  
While these mul t ipar t  r i b s  could be eas i ly  Incorporated into the rib-tooling 
composite, another  problem was foreseen .  P a s t  experience with s imi l a r  explosive- 
welding configurations indicated that  bonding might be  difficult a t  the points of t ransi t ion,  
I, e., f rom mild s tee l  to s ta in less  s t ee l  o r  vice v e r s a .  In past  work, these a r e a s  of 
tsans:t:un have resul ted in  a r e a s  of nonweld. This was a l so  verif ied in  the initial  end- 
cover we?dlng s tudies  in  Task 11. 
Two flat-plate explosive welding experiments  were  performed in o r d e r  to define 
and solve this problem. In these  exper iments ,  s ta in less  s t ee l  and mi ld-s tee l  r i b s  w e r e  
held In slotted mild-s tee l  tooling plates  and welded to s ta in less  s t ee l  base  plates .  The 
b a s e  -plate assembly  fo r  such a n  experrrnent i s  shown i n  F igure  4 1. Each full-length 
slot contained seve ra l  sections of r ib ,  with ml ld-s tee l  and s ta in less  s t ee l  r i b s  al ternat ing 
3 ~ r l g  t"? length of one slot. By this  means ,  it was possible to examine the effects on 
tile v ~ I d i n g  behavlor of both types of t ransi t ion - f r o m  s ta in less  s t ee l  to mild s t ee l  (a  
' ' ~ ~ 0 3 3  ~ g ' '  t ransi t ion a s  a t  A) ,  and f r o m  mild s t ee l  to s ta in less  s t ee l  (a "s tar t ing" 
'crnr?.; tidn at B). The tooling plate in  each  experiment  contained s e v e r a l  s lo t s ;  i t  was 
+here! ore  possible to examine many potential  solutions in  a single experiment .  
FIGURE 41. RIB-TOOLING ASSEMBLY USED I N  STOP-START 
RIB -WELDING EXPERIMENTS 
The f i r  s t  experiment  showed that  a 'Istopping" t ransi t ion could be accomplished 
with no loss of welding over  the full length of the s ta in less  r ib .  Continuous welding was  
achieved, even a t  the end of the r i b  adjacent to the mi ld  s tee l .  However, this s a m e  
experiment showed that a "s tar t ing" t ransi t ion resul ted in  nonwelding for  a dis tance of 
about 114: inch f r o m  the end of the s ta in less  s teel .  
In a second experiment ,  var ious  solutions to  this problem of s tar t ing-end nonweld 
we r e  i r~vest lgated.  In this  experiment ,  the heights of the mi ld-s tee l  tooling e lements  
were  changed f r o m  slot  t o  s lo t  s o  a s  to provide variously s ized "steps".  In addition, 
bent and chamfered ends on e i ther  the mi ld-s tee l  o r  s ta in less  s t ee l  e lements  w e r e  
~racorporated to  provide other geometr ies  of t ransi t ion.  It  was found that welding to  
within 13, 0 1 5  inch of the s tar t ing end of a s ta in less  s t ee l  r i b  could be achieved through 
adjustments  of the c learances  a t  the r ib  ends.  End welding was accomplished rn a sys  - 
t e m  in which the end of the mi ld-s tee l  tooling " r ib1 '  which was ups t ream of the s t a r i ~ l e s s  
r i b  was about 0. 0 1 0  inch below that of the s ta in less  r ib .  
Welding of Curved Pla tes  
In the introduction to this  repor t ,  the technological and h is tor ica l  f ramework  w ~ t h i n  
which this  p rog ram was conceived was outlined. This section d iscussed  the fact  that 
explosive welding has not been  successfu l  in  welding sur faces  curved in the drrect~on of 
de tona t~on,  although the p roces s  has  been extensively used to  weld both flat  ntates and  
cyl inders .  It was n ~ t e d  that i n  both of these  applications,  the welding directron was a 
s t raight  l ine,  and thus the jet produced by the colliding plates could e g r e s s  i ron )  between 
the components. It was fur ther  noted that curved segments  were  not thought zo be 
welda j le  . 
This l imitation was believed to be a n  a r t i f ic ia l  one imposed (perhaps uncons clousbjr j 
by the present  fo rm of the theoret ical  analysis  of the explosive-welding p roces s .  
Specifically, the physical model  used to i l lus t ra te  the phenomenon of jetting shows 
the high-energy jet c rea ted  by plate-to-plate impact  being expelled f rom the interface 
a t  a n  angle which roughly b isec ts  the angle of collision. The jet, according to  this  
plcture,  would be  expelled f r o m  the sys t em in s t raight- l ine welding. However,  i t  would 
not be expelled when the plates were  curved, but would impact  one of the plates ,  cause 
surface melting of that plate,  and consequently f o r m  a weak weld. This schernat-ic p i c t r ~ r e  
has been used to explain the poor resu l t s  normal ly  attendant to curved-plate weld1p.g. 
The lack of prac t ica l  succes s  and a theore t ica l  t rea tment  to  justify these poor resu l t s  
have led to  the generalization usually accepted by explosive welders ,  namely, "curved 
sect ions cannot be successfully welded". 
In this  p rog ram,  the problem was approached f rom the opposite direct ion,  and the 
self-imposed limitation was examined for  i t s  validity. It was believed that the bnjunc- 
t ion against  curved-plate welding was not "real" ,  and fur ther  that,  through careful ,  
c lose examination of the detai ls  of the p roces s ,  i t  might be  possible to overcorn-e the 
supposed limitation on welding of curved plates .  
The f i r s t  t ask  was to define the problem of welding of a curved sur face  m o r e  pre- 
cisely.  What happens when curved-plate welding i s  a t tempted? What a r e  the r e su l t s  
when no special  precaution o r  p roces s  modifications a r e  incorporated? To answer  
these  questions,  the experimental  a r r angemen t  shown in F igure  4 2  was used. TWO I /  16 - 
inch-thick me ta l  plates ,  each  bent to  a radius of 1-112 inch in  the radius of curvature of  
the nozzle 's  th roa t  section, w e r e  positioned with a nominal 1 /  16-inch gap between them. 
The base  plate r e s t ed  on a s t ee l  support anvil ,  which in  the f i r s t  exper iments  was corm- 
posed of s eve ra l  separa te  elements  fitted together  to f o r m  a n  anvil  of the requi red  
curva tures .  A 9 /  16-inch-thick layer  of Tro jan  SWP- 1 explosive was used to  weld the 
plates .  In these  exper iments ,  the explosive charge was detonated a t  one end of the 
plates .  
Three  welding experiments  were  per formed,  using this  configuration, in  the f i r s t  
s e r i e s .  A s  Table 8 shows, mi ld-s tee l  and s ta in less  s t ee l  plates were  used. The w-ekds 
between the plates were  evaluated by e i ther  metal lographic examination and /o r  study oi 
the surface of the s ta in less  s t ee l  plate a f te r  acid removal  of the mi ld-s tee l  plate. The 
TABLE 8. CURVED-PLATE WELDING EXPERIMENTS 
Pla tes  were  11 16 inch thick except a s  noted. 
Mater ia l s  
Cladder Base Detonation 
- 
~x13eri~rnenk Plate  Plate  Support Anvil Mode Other 
C -  l Mild s tee l  Stainless  
s tee l  
SA-l Stainless M i l d s t e e l  
s tee l  
S A - 2  Ditto Stainless 
s tee l  
SAC-I M i l d s t e e l  Ditto 
SAC-2 Ditto I I 
SAC-3 
SAC -4 
SAC-5 
Composite (mild 
s tee l  and Wood's 
me ta l )  
Three  -piece mild 
s tee l  
Three  -piece mild 
s t ee l  
Solid mild s t ee l  
Ditto 
End 
End 
End 
End 
End 
Center 
Center  
End 
Center 
Center 
Interface was 
evacuated. 
Interface was 
evacuated. 
Base plate was 3/16 
inch thick 
Depression a t  apex 
of curve.  Deta- 
sheet  s t r i p  above 
this  depression.  
Depression a t  apex 
but sma l l e r  than 
in SAC-6; base  
plate was initially 
welded to anvil .  
r e su l t s  of one of these experiments  i s  shown in F igure  43. This figure shows the top 
surface of a s ta inless  s t ee l  plate to  which a mi ld-s tee l  plate had been welded. The n?lM- 
s tee l  plate was removed by dissolving i t  in ni t r ic  acid, thereby revealing detarl  o i  the 
welding interface such a s  the fine detai l  of wave s t ruc ture  and the extent of interfacial  
melting and nonwelding . 
Anvil 
FIGURE 42. CURVED-PLATE WELDING ASSEMBLY 
Figure  43 i l lus t ra tes  the problems assoc ia ted  with welding of curved plates with 
no special  precaut ions.  It a l so  provides considerable insight into the behavror of $3 
"normal" (1. e . ,  unmodified) curved-plate explosive-welding sys tem.  The frgure 1s 
oriented with the point of detonation a t  the left .  The detonator,  o r  blasting cap, was 
positioned in  the center  of the plate a t  A. No r ipples  o r  waves can be seen  a t  this parnt, 
A sho r t  distance to  the r ight  (at  B )  the sur face  i s  disturbed, and welding has begun. The 
s ize of the waves inc reases  until, a t  C, the sys t em has stabilized and the wave srhe 
becomes uniform. It  remains  constant until, a t  D, the curva ture  of the plate 1s encouxr- 
t e r e e .  Because of this curva ture ,  the collision angle has  changed and led to  the o c c u r -  
rence  of l a r g e r  waves, immediately followed by a r e a s  of no welding (at  E). 'The wave 
pat tern then r e sumes ,  and continues untll the top of the curve IS reached (I?). T h e  weld 
degrades rapldly, and a r e a s  of me l t  t rapment  (6 ) )  heavily worked but nonbonded a r e a s  
(FI and J), and a r e a s  of extensive melting (I  and K )  can be seen.  Imrnedrately % tile r t ~ ' ~ *  
of Point K, which i s  locatec! a t  the back end. of the curve ,  the no rma l  wave 1 , a t . t ~ ~ ~  s I i - 
established and continues, with sma l l  localized differences,  to the en? of the saimple, 
The other samples  in  this init ial  s e r i e s  showed sma l l  qualitative d r f f e renc~  s fro:?- 
the above, although the same  bas ic  fea tures  were  present .  Because i t  was t b o t ~ g l ~ t t t n a i '  
air e n t r a ~ m e n t  rn19ht be contributing to  the excessive melting, one of these sarni , ies W ~ C ;  
bondec' us ing vacuum between the plates .  No difference in behavior was noted,  howevc r 
FIGURE 43. STAINLESS S T E E L  BASE P L A T E  SHOWING RESULTS O F  
C U R V E D - P L A T E  WELDING E X P E R I M E N T S  
Mild-steel  c ladder  was removed by acid leaching. 
The f i r s t  s e r i e s  of exper iments  showed that poor-quality welds a r e  produced he- 
tween curved plates ,  and that  the extent of poor welding i s  quite sensitive t o  sr-iall dlf-  
fe reoces  i n  spacing between the plates .  It was a l s o  noted that good contact between the 
base  plate and the anvil  had to be maintained, a s  the base plate would otherwise "Iri ' t  
off" and "gather" ahead of the collision point during welding. 
This s e r i e s  of experiments  revealed the major  problems assoc ia ted  wrth the weld- 
ing of curved plates ,  and generated qualitative data against  which other e x p e r ~ m c n l a l  
resu l t s  could be compared.  These experiments  a l so  demonstrated that ex t r eme  t a r e  
would be needed in  assembling any future experiments .  
On the bas is  of these r e su l t s ,  a second s e r i e s  of experiments  was conducted, using 
the same  setup a s  i n  the initial  s e r i e s .  These exper iments ,  which a r e  l is ted a s  the 
"SAC" s e r i e s  i n  Table 8, differed f rom the initial  experiments  in  s eve ra l  r e spec t s .  Ir: 
each of the experiments ,  the plates were  careful ly  bent to the requi red  curvature s-ild then  
hand fitted to  achieve m o r e  accurately spaced gaps between the plates .  The s u p p o r t  
anvils were  solid blocks of mild s teel ,  a s  opposed to  the multiple-piece anvils used L n  
the f i r s t  s e r i e s .  Also,  some of the experiments  employed a different exp1os:ve detpna-  
t ion scheme,  and were  detonated a t  the top of the curve r a the r  than a t  one end.  A s  
Table 8 shows, s e v e r a l  of the experiments  i n  this  second s e r i e s  were repea ts  of experr-  
ments  which had been per formed in  the ini t ia l  s e t  of exper iments ;  this was done to estab- 
l i sh  confidence in  the resu l t s  noted, and to insure  that  the r e su l t s  were  not being masked  
by extraneous f ac to r s  (such a s  poor base plate -to-anvil contact o r  inaccurately spaced 
plates) .  
The r e su l t s  of the end-detonated experiments  were  s imi l a r  to  those of the f i rs t  
s e r i e s .  The reproducibili ty was improved considerably, although the weld quality was 
not. In fact ,  the f i r s t  two experiments  exhibited l a r g e r  a r e a s  of me l t  than did the: 
equivalent e a r l i e r  experiments .  In one of these  exper iments ,  a n  evacuated ianterface 
was employed; no improvement  in weld quality over that attained with a n  unevacuated 
interface was noted. In another  of the exper iments ,  a thicker  base  plate was used; 
aga.in, no improvement  was seen.  
The f i r s t  of the center-detonation experiments  resul ted in  a marked  irnprove:.r.ient 
i n  the weld quality and a considerable dec rease  in  the extent of melting. However, the 
a r e a s  under the detonator and immediately adjacent  to  i t  were  not welded. This nonweld 
a r e a  was considerably reduced in  subsequent experiments  through use of a n2odified 
cladder  plate,  which was formed with a slight na r row depress ion  a t  the apex 01 the curve,  
This ridge extended the full  width of the plates ,  was about 0. 040 inch deep, and prolected 
into the interface gap between the plates.  P l a t e s  welded using this  technique were  almost 
completely welded, and those a r e a s  which were  not welded did not show any a r e a s  oi 
melting. 
Welding of Stainless Steel  Mock-UDS to  Shells 
In the curved-plate experiments  d iscussed  above, the welding behavior of curved 
in te r faces  was examined, and i t  was found that the ma jo r  problem was nonwelding and 
melting in  a sect ion "downstream" of the mos t  s eve re  curva tures .  This work a l s o  r n d r -  
cated that these  defects  could be minimized by detonating the explosive in  the a r e a  of 
maximum curva ture  and allowing the detonation to  propagate in  both direct ions Erorri thrs  
point. 
These resu l t s  were  applied t o  welding of nozzle segments .  Two exper iments  w e r e  
pun in  which 3 ,/ 16 -inch-thick s ta in less  s t ee l  nozzle-shaped e lements  ( r i b  mock-ups)  were  
welded to full-thickness s ta in less  s t e e l  she l l  components. In one of the exper iments ,  the 
explosive employed was  detonated a t  one end of the assembly ,  while i n  the o ther ,  the 
explosive was detonated in  the center .  
The experiments  were  a s sembled  f r o m  components whose fabricat ion was descr ibed  
above, One other e lement  was requi red  for  these  welding exper iments  - a container o r  
holder for  the explosive charge.  This charge holder ,  whose positioning and use a r e  
slaovrri? in Figure  44, was made  f r o m  a cylinder of expanded polystyrene foam. A com-  
piate 360-degree nozzle -shaped e lement  was machined f rom the cylinder of foam on a 
t racer  Lathe and sectioned into five 72-degree segments  for  use in  the nozzle welding 
experlxnents . 
The component a r r angemen t  used in  the welding exper iments  i s  shown in  F igure  44. 
In additlon to the components a l ready  discussed,  this  f igure shows two side plates  which 
served as  v l b l  pa r t s  of the assembly .  These wooden plates  were  used a s  supports  for  
the enttre charge-container/explosive/cladder-plate assembly ,  and were  a l so  used to  
physbcally confine the edges of the explosive charge during loading and handling. 
The following s t eps ,  common to  both exper iments  i n  this  s e r i e s ,  were  used in  
assernSizng the welding runs .  The shel l  was placed onto the support  anvil ,  with a thin 
Sayer of sil icone g r e a s e  placed between the she l l  and the anvil  to  i n su re  good shock-wave 
trans;rnission a c r o s s  this  interface.  Small  t abs  of me ta l  of the requi red  height were  used 
t o  achieve the des i r ed  spacing between the she l l  and the mock-up. These  s p a c e r s  were  
at tached to the she l l  by glueing one t o  each  of the she l l ' s  four  co rne r s .  
Special f ixtures  and procedures  were  used in  loading the explosive charge .  The 
two wooden :side plates  were  placed into a V-shaped f r a m e ,  and the foam charge holder 
was inverted and placed between them. The edges between the plates  and the charge 
holder were  sealed with modeling clay to  prevent  leakage of the powered explosive, and  
small. sect ions of clay were  placed a t  each  end of the a s sembly  t o  confine the ends of the 
explosive charge.  A uniform 9116-inch-thick l aye r  was packed onto the curved sur face  
rf the charge holder.  The cladder plate was then positioned a top  this  explosive load and 
secured to the charge holder  with tape. The explosive-cladder plate a s sembly  was in- 
verted and carefully positioned above the she l l  on the space r s .  A detonator was  at tached 
p r i e r  t o  detonating the explosive charge.  
The 1i:rst experiment  used a n  end-detonated 9 /  16-inch-thick explosive charge and 
employed a gap between the plates  of 0. 120 inch. The charge-initiating a s sembly  con- 
sisted of a line-wave detonator and a n  additional s t r i p  of plast ic-sheet  explosive to i n su re  
complete detonation of the ma in  explosive charge .  This  detonation package was  at tached 
to  the charge holder a t  the divergent end of the nozzle (Station 1) .  
The .first exper iment  produced welding over  mos t  of the interfacial  a r e a .  However,  
s e v e r a l  areas of nonweld were  noted, a s  shown in  F igure  45. Ultrasonic examination r e -  
vealed two a r e a s  of the nozzle that were  not welded - one in  the divergent end of the 
nozzle near the change in  the nozzle 's  curva ture ,  and the other  in  the convergent end just 
beyond the throat .  Metallographic examination of a sect ion taken f r o m  the center l ine of 
the segment fur ther  defined the locations and nature of the nonwelded sect ions.  One of 
these a r e a s  extended between Stations 2 and 3 (at  the s t a r t  of the curve) ,  and the other 
was located between Stations 8 and 10 (s tar t ing a t  the throa t  and extending 2 inches 
beyond it), The r ema inde r  of the nozzle segment  was well  welded. 
FIGURE 44. ARRANGEMENT USED FOR EXPLOSIVELY WELDING 
STAINLESS S T E E L  NOZZLE SEGMENT COMPONEXTS - 
RIB TOOLING MOCK-UP TO SHELL 
Non 
Bond Non bond Bond bon Bond 
FIGURE 45. SCHEMATIC SHOWING BONDED AND NONBOND AREAS IN 
FIRST STAINLESS S T E E L  MOCK-UP-TO-SHELL WELDING 
EXPERIMENT 
The nonwelded sect ion a t  the beginning of the curve (between Stations 2 and 3 )  
exhibited a me l t  zone a t  the interface,  and a c rack ,  which was about 0. 005 inch wide a t  
+ L e  widest point, r a n  through the center  of this me l t  zone. The other nonwelded a r e a  
wzs  m3re  dec.ply melted,  and the c rack  was much wider ,  measur ing  0. 020 inch a t  i t s  
*viC!e s'cppoillt, 
The second-welding experiment  was setup in  a manner  s imi l a r  to  the f i r s t ,  but 
cq-iifeued from i t  in  s e v e r a l  r e spec t s .  The gap between the plates  was increased  to  0. 150 
l r l r - h ,  a-rlci a center  detonation scheme was used. This cen t r a l  detonation was achieved 
5y attaching a sma l l  s t r i p  of plast ic  explosive to the charge holder a t  the throa t  sect ion 
Stat1011 8 )  p r io r  to  loading the ma in  charge.  Also,  the charge holder contained a s m a l l  
i loic a t  this point through which the detonator was attached. The r i b  mock-up in  this  
experiment contained, a t  Station 8, a s m a l l  V-shaped pro t rus ion  which extended into the 
Ban 5etween the plates.  
'./?he resu l t s  of this  experiment  were  considerably different f rom those of the f i r s t .  
WPnle Ihe two plates were  welded, the type and location of the defects were  different.  The 
nonwelded a r e a s  a t  the interface appeared  a s  na r row c racks  and contained no molten 
l aye r s  
Four a r e a s  of nonbond were  noted a s  shown in F igure  46.  As  expected, one of 
these  w a s  located just under the detonator,  and extended longitudinally for  3 / 8  inch on 
each side of i t .  The second a r e a  was found between Stations 10 and 1 1 ,  and appeared  a s  
a thin crack between the plates .  It  appeared  to  be the resu l t  of welding conditions (plate  
collision angle,  velocity) which were  slightly lower than those requi red  to achreve a 
sat isfactory weld. The other  two nonwelded a r e a s  were  located a t  the ends of the sample.  
and both had the appearance of good welds which had been broken (most  likely by cracks 
which originated a t  the ends of the sample  and propagated into the in te r face) .  The c r ack  
at one end was 5 - 1 / 2  inches long; the other end was c racked  for  a dis tance of 3 - 1 / 2  
~nclne s . 
Detonation 
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FIGURE 46. SCHEMATIC SHOWING BONDED AND NONBOND AREAS IN 
SECOND STAINLESS STEEL MOCK-UP-TO-SHELL WELDING 
EXPERIMENT 
In t e r m s  of overal l  quality of the welding achieved, these two exper iments  yielded 
equivalent r e su l t s .  Both were  welded over mos t  of the interface,  but neither bad 
achieved the degree  of weld quality requi red  in  a rel iable ,  high-quality, well-welded 
nozzle. 
Welding of Angled Pla tes  and 
Truncated Pyramids  
Because of r e su l t s  obtained in  the r ib  mock-up welding exper iments ,  the c ~ r v e d -  
plate approach used e a r l i e r  i n  this  task to  examine non-straight-line welding was re - 
vived. The approach was modified, however,  in that angled plates  were  used in t h e  
welding experiments  i n  place of the curved plate used in  the f i r s t  s e r i e s .  This change 
\.,,as made for seve ra l  reasons ,  the mos t  important  being: 
( 1 )  The sha rp  transition in detonation and welding direct ion a t  the point 
of inflection would be a m o r e  seve re  t e s t  of any proposed s o l u t ~ o n ,  
and any change which was proved to be e f f ec t~ve  in the angled-plate 
situation should a l so  be workable for the curved-plate ca se .  
( 2 '  The geometr ic  relat ion (collision angles ,  e t c .  ) between angled 
31ates a t  var ious  s tages  of the welding operation could be eas i ly  
analyzed, whereas the curved-plate ca se  requi red  a m o r e  com-  
plex analytic approach.  
(3) The experimental  var iab les  (gap between plates ,  contact with the 
support anvi l )  could be controlled m o r e  closely. 
The experimental  a s sembly  used in  these experlments  i s  shown in F igure  47. 
Br le f ly ,  zt consisted of a 118-inch-thick cladder  plate bent into a n  inclined s tep,  p ro-  
v ~ d i n g  an  obtuse angle ( l e s s  than 180 deg rees  - a s  a t  A )  and a ref lex angle (g rea t e r  than 
180 degrees  by the same  amount - a s  a t  B) .  The base plate (where used)  and the anvil  
were fabricated to the s a m e  contour. 
Explosive 
-Stainless 
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FlGURE 47. EXPERIMENTAL SETUP FOR STUDYING EXPLOSIVE- 
WELDING CHANGE OF DIRECTION 
Flve experiments  were  run  to determine the quality of welding which could be p ro -  
di?ced a t  the points of inflection. The f i r s t  of these  experiments  was designed to  p ro -  
vade a baseline o r  point of compar ison  to  which the r e su l t s  of the other exper iments  
could be compared.  In this experiment ,  the plates  were  positioned with the i r  ap ices  one 
above the other ,  and the plates were  separa ted  to provide gaps of 0. 1 0 0  inch between the 
horizosltai s teps.  The other exper iments  i n  this  s e r i e s  incorporated var ious  modifica- 
ilons of t1n1.s bas ic  assembly .  The changes made were  based on various theore t ica l  and 
~ r a c t ~ s a l  conslderatlons and were  belleved to  offer chances of improving the welding be-  
= ~ x v ~ o s .  In one of these  exper iments ,  powdered explosives havlng different detonation 
ve?ocltles were  positioned a t  the points of inflection, while the normally used S W P - 1  was 
e.r,ployed at  the other sect ions.  Other experiments  were  assembled  with the cladder  
-3 a A i - s  moved iongltudinally with respec t  to the ba re  component by var lous  amounts .  The 
- isor For thls  offset i s  discussed below. 
The f i r s t  experiment  yielded plates  which were  welded over mos t  of the in te r fac ia l  
a r e a ,  but were  not welded a t  e i ther  of the points of inflection. Metallographic exarr~ir-ia- 
t ion of sect ions taken a t  these  points revealed a r e a s  of nonwelding, melting, and jet 
entrapment  downstream f r o m  both of the angles .  Geometr ic  analysis  of the welding coii- 
dit ions existing at  these two points ( s ee  the Appendix for  this  ana lys i s )  indicated strong'iy 
that the poor welding behavior a t  these points and slightly beyond resul ted f r o n ~  a iong i -  
tudinal movement of the cladder plate during the welding operation. This analysis  a l s o  
suggested that a n  offsetting longitudinal movement in  the direct ion opposite to the d e t o ~ a -  
t ion direct ion during assembly  of the components would dec rease  the amount o f  poor  
welding . 
This longitudinal offset was tested in  the l a s t  s eve ra l  exper iments  in  thls  s e r i e s  and 
was found to provide a sat isfactory solution to the problem. An offset of 0 .  0 8 0  rnch 111 
the direct ion opposite to that  of detonation yielded a complete,  defect-free weld over the 
en t i re  length of the plates .  No a r e a s  of nonweld o r  melting a t  the interface could be 
detected. 
In the next s e r i e s  of exper iments ,  a t tempts  were  made to t e s t  this  solution using a 
curva ture  m o r e  s imi l a r  to  that of the nozzle.  The mos t  obvious choice for s imple exper - 
iments  would be curved plates ,  but a s  d i scussed  previously, plates of this  gec)metrgi are 
difficult to fabricate  accurately.  Therefore ,  to  maintain the advantages of prec is ion  and 
geometr ic  ana lys is ,  t runcated pyramidal  shapes were  used. In each  of these exper i -  
ments ,  a 0. 060-inch-thick s ta in less  s t ee l  plate was clad to the th ree  exposed sur faces  of  
a t rapezoidal  mi ld-s tee l  base .  Uniform-thickness charges  of 9 / 1 6  inches of S W P - .  
explosive were  used a s  the welding charges .  
Two experiments  were  per formed.  The a r r angemen t s  employed a r e  shown in 
F igure  48. In the f i r  s t  of these ,  a uniform standoff gap of 0. 060 inches was maintained 
between the plates  on each of the three  faces.  This spacing requi red  that the ap ices  csf 
the cladder-plate  angles be  positioned relat ive to those of the base  a s  shown ia Fig-  
u r e  48. In the second experiment ,  both of these  angles  were  shifted i n  the direct ion 
a. Aligned Apices 
d e t o n a t i o n  point b. Offset Apices 
FIGURE 48. ARRANGEMENTS EMPLOYED IN TRUNCATED-CONE EXPERIMENTS 
TO EXAMINE E F F E C T  O F  OFFSETTING THE APICES 
i)y3?os~te that of detonation. Because of the geometr ics  of this configuration, i t  was 
~rnposs ib le  to use thls  a r r angemen t  without a l so  changing the standoff between the p la tes .  
-7iilus the spacings shown in  F igure  48b were  used.  
The resu l t s  of these two exper iments  a r e  shown in Figure 49.  As  can be seen ,  the 
offset-of-angle method resul ted in  considerably improved weldlng a t  points downstream 
of the d r r e c t ~ o n  change. The amount and extent of nonwelding was considerably reduced,  
and the r egu la r ,  interlocking wave pa t te rn  cha rac t e r i s t i c  of "good" explosive welds was 
resumed In sho r t e r  dis tances a t  both of the co rne r s  i n  the second experiment .  
iiVh~le these exper iments  showed that this offset method was effective for  improv-  
~ n g  the u e l d  quality between angled plates ,  the questlon remained - would a s lmi l a r  solu-  
ti03 he  applicable to curved-plate weldlng? A cu r so ry  geometr ic  analysis  indicated that 
rt %vould, s lnce the ma jo r  problem ( loss  of collision angle with change in  d i rec t ion)  was 
the s a m e  rn both cases .  Therefore ,  in  the ca se  of curved-component welding, a n  offset 
w ~ u l k i  reduce the extent of low-angle collision and would inc rease  the extent of welding. 
"i' ILS offset could be accomplished by modifying the curva ture  of the cladder  plate,  
~ x r t i c  ~ l l a r l y  In the a r e a  of maximum change of welding direct ion (i .  e.  , a t  the throat  
e ~ t  or of the  nozzle).  
?'he change of curvature requi red  for  the nozzle configuration was es t imated  on the 
'33~15 CII :he resu l t s  of the above experiments ,  a cu r so ry  geometr ic  ana lys is ,  and a knowl- 
p - i g e  of plate-accelerat ion kinetics.  The coordinates of this  new curva ture  a r e  given i n  
a s h  9. 'Tklese coordinates were  used to  fabricate  the bending die which was used to 
rsa-ess the ribs and tooling to the proper  curva ture .  Thus the components used in the r ib-  
-0-shell  webd-ing experiments  incorporated the offset-angle curva ture .  
TABLE 9. CHANGE IN COORDINATES O F  RIB CURVATURE 
Modification was made  to promote welding in  the 
throa t  section. 
Original Modified 
Longitudinal Radial Radial 
Dimension Distance ( Y ) ,  Distance ( Y ) ,  Rib-to-Shell 
S tatlon (X) ,  inches inches inches Spacing, inch 
0 0 .00  5. 14 5. 14 0 .120  
I 2 .00  5. 14 5. 14 0 .120 
2 3 . 9 9  5 . 1 1  5. 11 0 .120  
3 5 . 9 3  4. 6 5  4 . 6 9  0. 120 
4 7 . 7 5  3 . 7 5  3 . 7 7  0 .100  
5 8. 62 3 .26 3. 30 0. 080 
6 9 . 4 9  2 . 9 3  2. 98 0. 070 
7 10. 08 2. 78 2 .  84 0. 060 
8 10 .43  2 . 7 5  2. 82 0. 050 
9 1 1 . 3 8  3.  04 3 .  10 0. 060 
b 0 11 .99  3 . 4 3  3 . 4 9  0. 070 
: E 12. 86 4 . 0 0  4 .  04 0. 080 
% 2 13.73 4 .  57 4 .  60 0 .  090 
13 15. 55 5. 71  5. 71 0.120 
i 4 16. 05 5. 86 5. 86 0 . 1 2 0  
: 5 1 6 . 6 3  5. 96 5. 96 0 .120  

W e T d ~ n g  of Rlbs and Tooling to  
-- 
She?" - Kozzle Confieuration 
Two full-section s ta in less  s t ee l  r ib- to-shel l  welding operations were  per formed.  
Ir these exper iments ,  r i b s  and tooling were  employed which had been fabricated in 
accc~rdance  with the modified curva ture  developed in  the previous section. Only full- 
length rrrbs (no discontinuous r i b s )  were  welded to the shel ls  i n  this  work. 
b each  of these exper iments ,  the ribltooling composite plate was assembled  f r o m  
1ndivrdua3. rabs and tooling pieces.  The requi red  number of r i b s  and toollng b a r s  (20 and 
Zi, respectively) were carefully positioned to f o r m  one-sixth of a nozzle.  A se t  of mild-  
s tee l  fixtures curved concavely to the radius of the nozzle a t  s e v e r a l  points were  used 
+i; skpuorts for  this  fixturing. Severa l  s t rong magnets  were  at tached to the posltionlng 
'lut1-ire wh-~ch  then held the mlld s t ee l  f l rmly  In place. The s ta in less  s t ee l  r i b s  were  
~ t e r s p e r s e d  between the tooling b a r s  and held in place by contact with the tooling. The 
s7 ements  In this composite plate were  then secu red  and locked in  placed by soldering 
then? together using four bands of so lder  - two a t  each end. At each  end, a band was 
'ocated at the ext reme end of the segment  and the other was placed about 4-112 Inches 
fro172 h e  end. A l aye r  of la tex paint was applied to  the concavely curved top sur face  of 
j7-c r-s5-iool1ng composite a s  a sealant  for  the longitudinal gaps between the individual 
+Jcrnen?s, and this prevented the powdered explosive f rom leaking through into the in t e r -  
'a ~e zap durlng handling. 
The two components to  be welded in  the f i r s t  exper iment  - the rib-tooling composite 
plcxte and  the shel l  - a r e  shown i n  Figure 50. The she l l  was placed in  a die segment ,  to  
tvh ich  a thsn layer  of sil icone g r e a s e  had been applied. A foamed-polystyrene charge 
\older was r~osrtloned between two wooden side plates ,  and the explosive charge was 
' oaded  onto the top sur face  of the charge holder.  The composite cladder plate was placed 
on the expioslve charge and secu red  with tape,  a f t e r  which the charge a s sembly  was in-  
ve r t ed  and placed on s p a c e r s  which had been cemented to  each  corner  of the shel l .  The 
de-oca!or -&as attached and the charge f i red.  In both of these experiments ,  the s a m e  
weldtng pa rame te r s  were  used - a 9 /  16-inch-thick layer  of SWP-1 explosive and a 
no-nlnai la te r fac la l  gap of 0. 120-inch a t  the ends of the nozzle. Both of the exper iments  
were  end-detonated a t  the divergent end of the nozzle (Station 1 ) .  Each  of them employed 
C) 'me-wave generator  to detonate the charge.  
Examl l~a t ion  of the components revealed that the f i r s t  welding experiment  yielded 
very paor resu l t s .  The r ib s  were  welded to  the she l l  only a t  the detonation end of the 
a ssembly.  The welds extended fo r  a length of 4 inches and then stopped. Close examin-  
ation of the remainder  of the components showed that the inside sur face  of the she l l  had 
not been deformed, a s  the machining m a r k s  were  undisturbed and c lear ly  vis ible .  Com- 
b l n ~ g  th~s observation with the fact  that  the rib-tooling cladder was not disrupted led to 
%he conclus~on that the explosive had not sustained i t s  detonation over the full length of 
"cc segment ,  This explosive fai lure ,  which i s  quite r a r e ,  was initially at t r ibuted to  a 
crack o r  void in  the explosive layer  which had been generated during handling, but this  
?resunlptlon was disproved, a s  auxi l iary exper iments  showed that voids o r  c r acks  of the 
size w l ~ c h  fici~ght have been present  were  not capable of stopping the propagation of a 
deiona+lon. 
It was noted that the point a t  which the explosive failed corresponded to  the location 
of one o f  the bands of solder .  It was concluded that this so lder  band was higher  than 

ant ic  ~ p a t e d  and extended Into the explosive charge .  When the rib-tooling cladder was 
placed onto the explosive charge and charge holder ,  the pro t rus ion  of so lder  displaced 
the explosive and reduced the thickness of the charge a t  this  polnt. This reduction in 
th~ckae s s was evidently sufficient t o  te rmlna te  propagation of the detonation front .  
The second experiment  was assembled  in  a manner  s imi l a r  to the f i r s t .  However, 
because of t h e  problems encountered in  the f i r s t  welding shot,  caution was taken.in 
assembling and joining the rib-tooling components-. Care  was taken to insure  that the 
so lder  layer  ,was not excessively thick and would not in te r fe re  with the explosive detona- 
tion. in spite of these precaut ions;  however,  the assembly  contained s e v e r a l  gaps and the 
aligniment between r ib s  and tooling was much l e s s  than des i red .  The components were  
explosively .welded together ,  but the r e su l t s  were  inconclusive. Some r ib  - to-shel l  weld- 
ing hacl been achieved over  the en t i re  sur face ,  but t he re  were  considerable  a r e a s  of poor 
weldil-ig. This  resu l t  was at t r ibuted to the poor alignment between the r ib s  and tooling. 
Welding of Curved-Plate  Ribs Using Confined Explosive 
Because of the poor r e su l t s  obtained in  the r ib- to-shel l  nozzle-welding exper iments ,  
a seraes of experiments  were  run  using the curved-component geometry  employed e a r l i e r  
to  examme a potential solution to the problem of welding r ib s  in  a curved plate geometry .  
Three experiments  were  run  to a s s e s s  the value of confining the explosive charge in  the 
area oi" maximum plate curvature.  
In these  experiments ,  rib-tooling cladder  plates  were  used i n  place of the solid 
plates ilsed e a r l i e r .  These composite plates  were  p repa red  by placing the r ibs  and tool- 
Ing in close l a t e r a l  contact,  fusion welding the ends of the r ib s  to hold them in alignment,  
and machixltilg the resul t ing assembly  to a height of 0. 100 inch. 
The r ~ b  -tooling component was then laminated with a matching 1 /8-inch-thick s ta in-  
less s t ee l  base plate and formed to the des i r ed  curva ture .  A 1/16-lnch-thick s tee l  space r  
s h e e t  was  laced between the rib-tooling component and the base  plate during forming to 
allow Ior the standoff gap requi red  in the explosive-welding operation. Following f o r m -  
ing,  the s t amles s  s t ee l  base  plate was positioned on a concrete  support  anvil  and the r i b -  
i o o l i ~ g  compcnent was s e t  a t  the des i r ed  0. 070-inch standoff gap f r o m  the base.  A 1/8-  
~ n c h -  thrck Neoprene rubber  buffer was taped to  the sur face  of the rib-tooling plate and 
a ? /  15-~nch- th ick  SWP- 1 explosive charge was positioned on this  buffer.  The des i r ed  
sonfineru~ent of the explosive charge was provided by 1/16-inch-thick l aye r s  of lead shee t  
piaced on the top sur face  of the explosive charge,  and were  located mainly over  the 
c u r v e d  portion of the plates.  Severa l  l aye r s  of lead were  used to achieve the requi red  
conflnefiient thickness . 
In the f i r s t  experiment ,  the genera l  utility of this  method was examined,  and base  
and ciadder plates  were  used that were  bent to the t runcated pyramidal  shape used p r e -  
Y ~ O U S : ~ ,  The geometry was modified, however,  t o  el iminate  the s h a r p  change in  weld- 
ing direction, and each  of the angles  was rounded to a radius of 112 inch. The lead-shee t  
confinement was placed over  and slightly beyond the curved portions of the cladder .  The 
total ~krckrzess of confinement used was 1/8 inch. 
Following explosive welding, the s tee l  tooling b a r s  were  removed by s c l d  leachiiig 
to  expose the r ib- to-shel l  welds for  examination. Sound welds had been produced over 
the full specimen,  except for  a 1/2-inch-long sect ion of poor weld immediately down- 
s t r e a m  f r o m  the f i r s t  curve.  The r ib- to-she l l  weld adjacent  to  the second curve \,gas 
fully welded, however.  
This experiment  demonstrated the worth of the concept, whlch was then applied "io 
the problem of welding to  a curve s imi l a r  to  that i n  the nozzle ( 1  - 112 -1nch r a d ~ u s  o v e r  
approximately 120 deg rees ) .  In th i s  second experiment ,  the configuration shown in 
Figure  51 was used. The explosive confinement was increased  in  thickness  t o  3 / 1 6  rnch, 
and the length of the confinement sheets  was increased  to overlap both ends c d  the ( larirc. 
In addition to these changes, the confinement was tapered a t  each  end a s  shown. 
r Lead confinement 
Concrete anvil 
FIGURE 51. SETUP FOR EXPLOSIVELY WELDING RIBS TO A CURVED 
STAINLESS STEEL PLATE USING CONFINEMENT OlF 
EXPLOSIVE OVER CURVED PORTION O F  SPECIMEN 
This exper iment  completely successful .  Sound r ib- to-shel l  welds were  produced 
over the ful l  length of the sample .  This welded plate i s  shown on the r ight  rn Figure 52 .  
I t  was  noted upon examination that  the sur face  of the s ta in less  s t ee l  shel l  was severe ly  
dis turbed (r ippled)  a t  the downstream side of the curve,  and a s  a resu l t ,  the confine- 
ment  in  this  a r e a  was eliminated i n  the th i rd  experiment .  
Ln the third experiment ,  this  method was extended to the production of a corilplekr 
she l l - r ib- l iner  curved plate. The l iner  - to-r ib  weld was made using flat-plate weideng 
methods and was made  p r io r  t o  bending the plates for  the r ib- to-she l l  welding operation. 
The assembly  used in  the curved-plate welding operat ion was identical to t h a t  used :n the 
previous experiment ,  except that the explosive was not confined a t  the downstream s r d e  
of the curve beyond the point of tangency. 
FIGURE 52. EXPLOSIVELY WELDED STAINLESS S T E E L  SAMPLES FROM CURVED 
PLATE-RIB EXPERIMENTS CR-2 (RIGHT ) AND CR-3 (LEFT) .  
Specimen CR-3 a l so  shows the explosively welded Hastel loy X l iner .  
Following welding, the mild-steel  tooling was removed.  The resul tant  s t ruc t e l r e  
i s  shown on the left  i n  Figure 52. It was observed that both the r ib- to- l iner  and tile r ib-  
+*o-shell welds were  sound and continuous over  the full length of the plates .  One defect  
was 't~znd, however.  The Hastelloy X l iner  had spl i t  along one side of the cen t r a l  r ~ b  
In t h e  curved section of the plate. This split  was probably the resu l t  of a s l rgh t  Eatera, 
spreading of the components during the second explosive -welding operation, and co~.lel  be 
eliminated through use of a wider specimen.  
SUMMARY O F  RESULTS 
The work done in  this task of the p rog ram has shown that rocket-nozzle components 
can  be readi ly fabricated by explosive-forming methods. Specifically, i t  was lound that  
typical nozzle shel ls ,  having 3/8-inch-thick walls,  minimum diameter  of 6 inches,  and 
maximum diameter  of 13 inches,  could be explosively formed f r o m  commercial-g rade 
thick-walled pipe. This forming operation employed d ie less  forming to prodtrce most  of 
the contour, and formed the nozzles to final dimensions in  a segmented thic:.c-walled dl@, 
It was a l s o  found that 70-degree segments  of a complete nozzle could be explosively 
formed f r o m  f lat  stock in  a single forming operation. Both thick ( 3 / 1 6  inch)  and tlzrn 
( 0 .  020  inch)  ma te r i a l  could be formed to  shape. 
P re l imina ry  welding experiments  showed that discontinuous r ib s  - those whl ch  did 
not t r a v e r s e  the full  length of the nozzle but te rmina ted  a t  the throa t  sect ion - could be 
completely welded a t  each  of the end terminat ions.  Both r ib s  which "stopped" and those 
which "star ted" relat ive to  the advancing detonation front  could be welded through proper  
control of the shape of the adjacent  mi ld-s tee l  tooling. 
Welding of plates  curved in the direct ion of detonation was at tempted and resulted, 
a s  expected, i n  a r e a s  of poor welding and la rge  amounts  of t rapped me l t  between the 
plates .  It  was found tha t  through use  of e i ther  a slight longitudinal offset of the cladder  
plate o r  additional confinement of the explosive in  the curved section, changed-direction 
welding could be achieved. A s  a specific demonstrat ion of th i s  capability, plates  w h ~ c h  
had sha rp  60-degree changes in  welding direct ion were  welded with no lo s s  of w e l d ~ n g  
over  this  angle.  
I t  was found that welding of double -curved plates  o r  ribbed sect ions was not as  
eas i ly  accomplished.  The limited number of experiments  per formed did not pe rmi t  a n  
adequate solution to  this  problem to  be developed. 
CONCLUSIONS 
Task  I has  shown that  explosive welding can  be used to reproducibly fa~brlcate  
s t rong,  sound, c hanneled f la t  -plate components. Two explosive -welding ope rataons a r e  
requi red  to  produce panel specimens - the f i r s t  yields a r ib- to-shel l  weld, and the s e c -  
ond produces a l iner - to- r ib  weld. The r ib- to-shel l  welding operation requ l r e s  the use o f  
aq in tegra l  rib-and-tooling composite to  achieve welds over  the en t i re  r i b  a r e a .  MrSd 
s - c c l  has been found to be a sat isfactory tooling ma te r i a l  for  this  application. L ine r -  
to-r lb welds can be made using a conventional flat-plate explosive-welding operation. 
l"le channeled configuration i s  then achieved by removing the tooling with acid.  
T a s k  IT has demonstrated that channeled spoolpleces (prototype cylindrical thrus t  
i '~anlbe: .s)  can be fabricated by explosive welding. The welding operations requi red  for  
i a 1 ~ r L c & t i o n  f a complete spoolpiece a r e  a r lb- to-shel l  weld and a l ~ n e r - t o - r i b  weld, both 
oy- t h e  bore of the chamber ,  and two e n d  cover-to-plenum welds a t  each  end of the 
3~113er. It was found that adequate s t ruc tu ra l  support mus t  be provided fo r  the spool- 
.3 z c  5 components during the welding operation, and partrcular ly during the r ib  -to- she l l  
x T f i ~ e .  ~e o13eratlon, when the g rea t e s t  loadings occur .  
Task 111 has  resul ted in  a ma jo r  advance In the a r t  of explosive welding, and has  
s'ernon~trated that  explosive welding can be used to  weld to su r f aces  curved in the d i r ec -  
_on ui e'etonation. The objective of this task of the p rog ram - fabricat ion of a channeled 
n u z z i e  cegrnent - was only part ia l ly  achieved, a s  a channeled, s ingle-curved a s sembly  
" ~ ~ ~ 3  s fabricated by explosive welding, but the double-curved nozzle segments  were  not 
- I  -.-rYc-+ely weldable. Changed-direction welding methods were  demonstrated,  but the i r  
;. lip',< 3:~osn t o  a specific prac t ica l  problem (nozzle welding) was not successfu l  because 
oC . r i  ondary effects assoc ia ted  with the explosive 's  behavior and the component-assembly 
- ' c  ' - ods  used. 
RECOMMENDATIONS 
It 1s recommended that additional work be undertaken to develop m o r e  fully the 
methods requi red  to achieve reproducible changed-direction welding. This work should 
explore the fundamental mechanisms involved, but should a l s o  be oriented toward the 
pract ical  problems of nozzle fabricat ion.  
The study recommended h e r e  would bes t  be per formed in  t h ree  phases.  The f i r  s t  
of these wouLd involve examination of the kinet ics  of explosively accelerat ing curved 
plates  through use of high-speed photographic and f lash radiographic coverage.  A study 
sirnihar to the one suggested, but employing f la t  plates ,  has  recent ly been completed, and 
the resu l t s  a r e  to be published;::. This f i r s t  phase would a l so  involve examination of the 
detonation velocity and impulse produced by the explosive a s  the detonation front  t r a -  
versed the length of the nozzle. In the second phase of this  recommended study, nozzle-  
shaped mock-up components would be employed t o  examine in  detai l  the pract icabi l i ty  of 
the soPutions derived f r o m  the fundamental study and a l so  suggested by the p re sen t  work. 
i n  %be third phase,  the solutions developed in  the second phase work would be 
applied to the fabricat ion of ribbed nozzles.  The scope of work would depend on the num- 
be r  and  type of channeled nozzles requi red .  If only s e v e r a l  were  needed, the most  
prac t ica l  means  of fabricat ion would be to mechanically o r  chemically machine the 
channels Into a solid nozzle and then explosively weld a l iner  to the channeled s t ruc tu re .  
"' man;/ nozzles were  required,  i t  would be expeditious to fabricate  them ent l re ly  by 
~ u u ' - o s  ive welding. This  approach would requi re  the development of successful  r lb -  
v:cld~ng methods. 
i l r ~ l r l  G., i r  , D .  Laber, and V .  D Linse. 
101 and 102 
On the basis  of the resu l t s  of the present  p rog ram,  recommendat ions for i ab r l -  
cating much l a r g e r  nozzles can  be made .  In these  l a rge r  nozzles,  the curva ture  wouid 
be l e s s  a t  any point, and a s  a r e su l t ,  the problems of prec ise  control  of the a n g u l a r ~ t y  
of collision would be l e s s .  Stated another  way, the problems assoc ia ted  with explosively 
welding the nozzles would be much l e s s ,  and in  fact ,  should be m o r e  amenable to solu- 
t ion than those inherent  in  the fabricat ion of s m a l l e r  nozzles .  
These l a r g e r  nozzles would be fabricated in  segments  (perhaps  90-degree s e g -  
m e n t s )  and then joined on longitudinal s eams  by fusion welding. Depending on t l lelr  s rze ,  
dies  of e i ther  mild s t ee l  o r  epoxy-faced concrete  would be used a s  support for the sP~elLs 
during welding. The use of the l a t t e r  ma te r i a l  would mean  that  the requi red  si;~?port dres  
could be fabricated eas i ly  and inexpensively, and s t i l l  provide the requi red  strength and  
support  fo r  the welding operation. 
POTENTLAL APPLICATION TO OTHER AREAS 
The explosive -welding technology developed i n  this p rog ram for  the channeled 
thrus t -chamber  s t ruc tu re  can  be used to fabr ica te  s imi l a r  s t ruc tu re s  for  many ~ndus-- 
t r i a l  applications.  This  technology can  be  applied with the view of developirig new struc- 
t u r e  s ,  improving existing ones , o r  simplifying the i r  fabrication. Two examples of such 
s t ruc tu re s  a r e  heat  exchangers  and high-strength, low-weight s t ruc tu ra l  components.  
30 th  involve laminated o r  channeled s t ruc tu re s  which would utilize many of the technlnques 
used for  the thrus t  chamber.  The explosive -welding p roces s  offers  the folXowrng poten- 
tial advantages re la t ive  to m o r e  conventional techniques fo r  fabricating these  s t r~ i~ tuure  s : 
(1)  A wide select ion of me ta l s  o r  combinations of meta ls  can  be welded 
into panel s t ruc tu re s  without the degradation of mechanical  p rope r -  
t i es  o r  react ion between the me ta l s  being welded. 
( 2 )  Potent ial  to fabr ica te  the s t ruc tu re s  i n  a var ie ty  of s i ze s  and 
configurations. 
( 3 )  Size of panel s t ruc tu re s  i s  not l imited by equipment.  
(4) Capital equipment requi red  for  the p roces s  i s  minimal .  
(5 )  Many other ma te r i a l s ,  i n  addition t o  s tee l ,  can  be used for  
support tooling, including aluminum, low-melting-point a l loys,  
s a l t s ,  p l a s t e r ,  and p las t ics .  
(6) Support anvils and d ies  can be fabricated f r o m  inexpensive con- 
s t ruct ion ma te r i a l s  such a s  concrete .  
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ANALYSIS O F  CHANGED-DIRECTION WELDING 
- 
In the course  of analyzing the cause of poor welding between longltudinaliy c u r v e d  
o r  angled plates ,  an analysis  was made  of the plate -collision conditions whi c l - ~  existed 
for a par t icu lar  angular  geometry  of plates being welded. The geometry  a?aiyzeci  I-iad 
been used in  s eve ra l  of the angled-plate welding experiments  per formed in  Ta.;l< 111, ;. ?c' 
had resul ted in severa l  a r e a s  of nonwelding. 
The component a r rangement  used  i s  shown i n  F igu re  A-1. In this  exper i l~?en t ,  the 
upper s ta in less  s tee l  plate was separa ted  initially f rom the mi ld-s tee l  base. con2poneiit 
by a 0. 06 0-inch gap, and the apices of the angles were  positioned one above the ocher, 
i. e .  , no offset of the cladder  plate was used. 
FIGURE A- 1. EXPERIMENTAL ASSEMBLY FOR 
ANGLED-PLATE WELDING 
Figure  A-2 shows the bas is  fo r  the method of analysis  u sed  in the folOowsng d; ?s CUS - 
sion. This  figure shows the collision conditions between an acce lera ted  cladder  plate 
(top) and a base plate (bottom). F o r  the sake of c lar i ty ,  the cladder  plate is shcawli as 
having reached i t s  t e rmina l  velocity and angle instantaneously. (In rea l i ty  the plate :s 
acce lera ted  in  a stepwise manne r  and does not r each  i t s  max imum velocity untti it bas 
t r a v e r s e d  a gap approximately equal to i t s  thickness .  ) The angled l ines  d e s l g ~ a t e d  (!), 
(2),  e tc .  , show the position of the cladder  a t  s eve ra l  success ive  increments  of ",me, 
The dashed line (AA') shows the path that  a par t ic le  located on the ini t ia l  s t a t~or i a ry  s iad-  
d e r  (at  A )  takes during the motion of the plate a s  i t  i s  acce lera ted  a c r o s s  111a g a p  and 
collides with the base .  This  d iagram shows that a longitudinal displacement of t h e  clad- 
de r  occurs  in the direction of detonation. This figure a l so  shows that the coillslor a n g l e  
remains  constant a t  8 degrees  (the a s sumed  bend angle achieved by the exi310sl\~e icading 
used)  for  the full length of the experiment .  
Figure A-3 shows the position of the cladder  plate at  s eve ra l  sequeritlal p o ~ n t s  111 
t ime for  one of the direct ion changes encountered in  the angled-plate welding experimerLe, 
Base 
a. Plate Arrangement Prior to Detonation 
b. Plate Position at Time T, 
b. Plate Position at Time T2 
d. Composite Showing Plate Positions at Five 
Sequential Times 
AA' shows the lateral motion of Point A 
FIGURE A-2.  GLADDER P L A T E  MOTIONS RESULTING FROM 
EXPLOSIVE LOADING 
Detonation m o v e s  f r o m  lef t  to r igh t .  
This  d iagram has  identified two adjacent points on the cladder plate,  B and C, B i s  ilae 
l a s t  e lement  on the horizontal sur face  of the cladder ,  and C i s  the f i r s t  elei~nent oi l  the 
inclined surface.  
FIGURE A-3. COLLISION CONDITIONS WHICH EXIST AT 
THE BEGINNING O F  AN INCLINE 
Two a r e a s  of nonideal collision conditions 
a r e  produced, XB' and B 'C ' .  
The d iagram shows that a t  t i m e  T4,  collision conditions which produce poor weld- 
ing ex is t  over  two a r e a s  of the base  plate. The f i r s t  of these  a r e a s ,  designated XBe in 
the figure,  i s  a zone in which the high-energy jet  produced by the meta l -meta l  c o l i i s ~ o n  
i s  t rapped.  A m e l t  pocket resu l t s  f rom this  t rapment .  The  second a r e a ,  designated 
B 'C '  in  the figure,  i s  an  a r e a  in  which the collision angle i s  not sufficient to produce 
jetting (and therefore  welding) and resu l t s  in  an a r e a  of poor o r  no welding, I k  should 
a l so  be noted that the cladder  plate s t re tches  and thins out in  this  a r e a .  Both of the 
fea tures  predicted by the above analysis  w e r e  observed  in the actual experimental  
resu l t s .  
The  s a m e  analysis  was used  t o  examine the  detai ls  of the collision mechanics at 
the other  angular  t rans i t ion  located a t  the top of the slope. Figure A-4 shaws the eo'e- 
l ision conditions which occur .  F igure  A-4a shows half of the plate collision -- o d y  t'nat 
half of the cladder  which ini t ia l ly  was angled. F igure  A-4b shows the other  half - $hat 
half of the cladder  which was horizontal init ially,  and Figure  A-4c shows the colmposlte 
of these  two. 
Again it can be noted that  two a r e a s  show nonideal collision conditions, The area 
WD'  exhibits a g r e a t e r  collision angle than does the surrounding a rea .  While this 
g r e a t e r  angle r e su l t s  in  l a r g e r  waves in  this  a r e a  than in  adjacent a r e a s ,  i t  i s  other- 
wise not detr imental  to good welding. 
The other  problem which can be noted in  Figure A-4c i s  the overlap o r  "br*cch:r~g 
up" of the cladder  in the a r e a  E 'D ' .  'This phenomenon causes  trapping of t h e  jet and 
a. Sequential Positions of the Initially Angled Cladder 
b. Sequential Positions of the Initially Horizontial Cladder 
c. Composite of a and b 
FIGURE A-4. COLLISION CONDITIONS WHICH EXIST AT THE END 
O F  AN INCLINE 
Note the overlap of the cladder at E ' D '  
r e su l t s  in a m e l t  pocket. This  over lap  a l so  resu l t s  in a thickening of the cladder  plat:: 
a t  th i s  point. Both of these  predic ted  resu l t s  were  in fact found in the welded pla-tes, 
These  resu l t s  suggested that a longitudinal offset oE the cladder  i n  t h e  d i r e c t ~ o n  
oouosite to the detonation direct ion would be beneficial. Ail experimellt  was  rlan to t e s t  
+hi.; solution, and good welding was obtained over  the full a r e a  of the angled plates, 
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